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ABSTRACT 


Prior  to  the  contract,  wo  had  proposed  an  acoustic  streaming  theory 
to  explain  the  "acousto-optic"  effect  which  occurs  in  liquid  crystals 
and  had  presented  experimental  data  supporting  the  theory.  We  subse¬ 
quently  extended  the  theory  to  include  the  simultaneous  effect  of  an 

applied  electric  field.  During  the  first  year  of  the  present  contract 

<■ <■'*  (- 

we  solved  the  hydrodynamic  equations  which  govern  the  streaming,  and 
<■  s 

obtained  a  solution  for  the  magnitude  of  the  fluid  speed  and  flow 
pattern  for  a  sma.ll  disc-shaped  liquid  crystal.  A  sample,  doped  with 
grains,  was  used  to  test  the  solution  experimentally.  A  series  of 
cells  were  constructed  and  tested  which,  in  fact,  showed  that  an 
acoustic  wavefront  pattern  can  be  visualized  with  this  technique. 

During  the  second  year  of  the  contract  we  developed  and  tested  a  mathe¬ 
matical  model  which  prescribes  liow  a  cell  should  he  constructed  in 
terms  of:  the  densities  of  the  cell  walls,  liquid  crystal,  and  sur¬ 
rounding  fluids;  the  thickness  of  the  cell  walls  and  liquid  crystal 
layer;  the  acoustic  speeds  in  cell  wall  (shear  and  longitudinal), 
liquid  crystal,  and  surrounding  fluids;  acoustic,  frequency;  and  the 
incident  acoustic  beam  angle.  Cells  were  also  constructed  and  tested 
in  which  an  electric  field  could  be  applied  simultaneously  with  the 
acoustic  wave  in  such  a  way  that,  the  sensitivity  of  the  cell  to  the 
acoustic  f  ield  could  be  adjusted.  I n  this  way  the  acoustic  intensity 
region  of  interest  in  the  wavefront  could  be  "dialed  in". 
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INTRODUCTION 

Although  the  discovery  of  the  "acousto-optic"  effect  occurred 
over  forty  years  ago,  only  in  the  last  ten  years  has  there  been  an 
active'  research  interest  with  approximately  fifty  research  papers 
presented  in  this  area.  Although  a  variety  of  mechanisms  to  explain 
the  effect  had  been  proposed,  only  in  the  last  five  years  has  the 
proper  explanation  been  given.  The  work  performed  by  the  present 
author  was  in  part  responsible  f or  this  explanation. 

The  complete  understanding  of  the  acoustic -optic  effect  should 
produce  a  liquid  crystal  based  device  which  gives  a  visualization  of 
the  acoustic  wavefront.  '  Such  a  tool  could  be  extremely  useful  for 
studying  the  interaction  of  ultrasonic  waves.  The  author  has,  in  fact, 
made  such  a  device.  Photographs  of  the  resulting  acoustic  images  arc 
included  in  this  proposal .  The  main  task  now  is  to  improve  the  reso¬ 
lution. 


RKSKAHCI!  SUMMARY 

An  acousto-optic  effect  in  nematic::  war,  noted  as  early  as  1 

>» 

by  I1  reder  i  cks  arid  V.r>  tin  who  observed  colors  in  a  hoitirot.ropir.nl  ly  aligned 
nematic  when  it,  was  excited  oeoust.  i  cal  I  y  .  Tuning,  forks  with  C  requeue  i  <  : 


from  200  to  600  Hz  '..ore  used  as  the  acoustic  source.  They  attributed 
the  effect  to  a  rotation  of  the  optic  axis  in  the  liquid  crystal  but  gave 
no  details  for  the  mechanism. 

In  19^9  Kergason^  proposed  from  a  simplified  energy  analysis  that 
nematics  might  be  used  as  detectors  of  acoustical  energy  with  intensities 
as  low  as  10  W/cm^.  Also  in  that  year  Dreyer^  applied  for  a  patent, 
later  granted,  for  a  liquid  crystal  optical  element  composed  of  a  thin 
aligned  nematic  sandwiched  between  either  two  transparent  glass  plates  or 
a  glass  plate  and  a  mirror.  Trie  cell  was  to  be  observed  with  crossed  polarizers. 
This  device  was  proposed  as  a  means  of  detecting  electric,  magnetic, 
or  acoustic  energy.  This  type  of  cell  has  been  used  to  produce  the  acousto-optic 
effect  which  we  are  considering.  The  proposed  mechanism  causing  the  optical 

effect  was  attributed  to  some  sort  of  physical  movement  within  the  liquid  crystal. 

7 

In  1970  Kessler  and  ;  lawyer  mounted  a  10  MHz  ultrasonic  transducer  on 

one  of  the  plates  of  a  cell  such  as  Dreyer  described  with  the  difference  that 

crossed  polarizers  were  not  used.  They  observed  a  visual  pattern  of 

p 

scattered  light  above  a  threshold  of  3  9  mV, 7 cm  of  acoustic  intensity.  The 
pattern  had  slowly  moving  domains  which  traversed  the  cell  and  bore 
similarities  to  the  dynamic  scattering  mode  caused  by  an  electric  field, 
l.’e  will  refer  to  this  region  of  acoustic  excitation  as  the  "turbulent 
phase."  They  attributed  tb--  effect  to  either  differential  acoustic 
absorption  or  acoustic  streaming  although  no  detailed  theory  was  given. 

’i hey  measured  the  on  and  off  rer.ponso  time  for  the  effect,  to  be  0.3  see  and 
(•  re  c  respect  i  vely .  The  3  fitter  could  be  reduced,  they  found,  by  a  factor 


3 


of  10  with  an  applied  20kiix  a. c. electric  field. 

Q 

In  1971  Mailer , Likins ,  Taylor  and  Fergason  used  a  homeotropically 

aligned  nematic  of  thickness  25  Urn  to  observe  the  effects  of  a  10  MHz  bulk  acoustic 

2 

wave.  When  a  threshold  intensity  of  H  mW/cm  was  reached , a  white  light  pattern 

appeared.  As  the  intensity  increased , the  white  light  went  through  all 

the  orders  of  Newton's  colors.  We  will  term  this  region  as  that  of  "tunable 

birefringence."  Above  a  critical  value  of  acoustic  intensity  the  turbulent  region 

set  in  as  had  been  found  by  Kessler  and  Sawyer.  Although  no  quantitative 

measurements  were  given  they  observed  a  lowering  of  the  threshold  if  an 

electric  field  were  applied.  Again  no  theory  was  given  for  the  effect. 

The  first  theoretical  attempt  to  explain  the  effect  came  in  1972  with 

9 

Helfrich.  For  a  wave  propagating  neither  parallel,  nor  perpendicular  to 

the  optic  axis,  he  calculated  the  transverse  second-order  stress  which  arir.es 

since  the  nematic  is;  anisotropic.  He  predicted  an  intensity  threshold  for 

which  the  transverse  stress  results  in  a  flow  and  induced  tilt  in  the 

nematic  director.  The  threshold  intensity  required  by  the  effect  is  of  the 
2 

order  of  25  W/cin'  and  much  higher  than  that  experimentally  reported. 

Also  in  197?  Rertolotti,  Martellucei,  Seudier.i  and  gette^  reported 
preliminary  efforts  to  obtain  the  response  time  for  the  effect  in  the 
region  of  tunable  birefringence.  They  reported  that  the  response  time  is  less 
than  12  jisec^their  experimental  detection  limit.  Again  no  theory  is  proposed  for 
the  effect.  They  did  suggest  there  is  a  cooperative  response  of  the  molecular 
aggregate  rather  than  a  single  molecular  resp.nr.e. 

In  1973  Greguns^*  propagated  a  3  Mix  ultrasonic  wave  through  water 
to  the  nematic  cell,  after  first  reflet1  ting  the  wave  from  an  optically 
transparent,  plate.  He  found  the  aeons  t  i-npt.  i  c  effect,  occurred  at.  a  thresh.  .Id  of 


a  f  ew  mW/c'.n.' 


)| 

For ’the  region  of  tunable  birefringence  Die  rise  Line  wan 

in  the  range  of  30  to  'JO  msec  with  the  fall  time  Jean  than  twice  Die  rise 

time.  For  the  turbulent  phase  he  obtained  a  very  fast  time,  fa a tor  than 

the  characteristic  time  of  the  transducer.  If  an  acoustically  opaque  ob.iect 

were  placed  in  the  path  of  the  wave  its  quite  blurry  image  appeared,  on 

the  cell.  Also  standing  eoustic  waves  in  the  water  were  imaged  on  the  cell. 

Although  no  theory  w ns  proposed, Greguss  suggested  that  the  mechanism  responsible 

for  the  effect  may  be  eybotactic  groups  which  might  form  in  the  nematic. 

He  received  a.  patent’1  ‘‘  in  Id from  this  work. 

13 

In  197,i  Dreyer  ’  suggested  the  rmotmtic  pressure  in  the  cel  1  enu.-oj 

an  el  ectric  potential  by  means  of  the  piezoelectric  proper!  Los  of  the 

liquid  crystal.  The  resulting  potential  could  then  result  in  a  charge 

1  li 

in  the  director  orientation.  More  recently,  however-,  he  Ins  slated 

he  no  .longer  subscribes  to  this  mechanism,  his  earlier  resit.!  t  s  being  attributed 

to  capacitive  effects. 

In  J 97)1  Ilagai  and  Iizuka1'’  measured  the  threshold  acoustic  intensity 
using  a  318  kHz  wave  for  cells  of  sample  thickness  ranging  from  approximately 

p 

30  to  100  pin.  The  values  of  intensities  for  the  threshold  vary  from  100  mW/cm 
! 

O 

to  1  W/cm  substantially  higher  than  any  other  group's  findings. .  They 

further  found  the  threshold  intensity  to  be  proportional  to  Die  square  of  sample 

thickness .  They  presented  a  theory  bused  on  the  Let,  1  i  e-hricksen  equations  which 

predicted  a  threshold  that  should  vary  with  swunple  thickness  in  agreement  v.'ith 

thei  r  experimental  result.  The  theory  war.  inconsistent. ,  however,  wil.li  first 

.  1 1. 

order  equations  containing  terms  of  second  order  and  vie  vers,  a .  li'.gni 
t.  i  Ion. holds*,  to  this  theory. 


5 

In  197^  Kagawa,  Hatakeyama  and  Tanaka"*"^  measured  the  threshold  of 

MBBA  homeotropically  aligned  by  lecithin  treated  glass  surfaces.  They 

then  made  comparisons  with  the  threshold  for  MBBA  doped  with  cetyl trimet  hy.l  ammonia 

bromide.  A  frequency  of  I»00  kllr.  was  applied  and  the  sample  thickness 

was  10  i', m.  Both  samples  showed  a  decrease  in  threshold  as  the  temperature  of 

the  sample  increased  with  the  doped  sample  having  a  lower  threshold  at 

all  temperatures .  They  also  found  an  electric  field  of  66%  of  the  critical  electri 

field  increased  the  acoustic  sensitivity  by  a  factor  of  9 0 %  to  300J>  depending 

upon  which  sample  was  used.  The  threshold  for  the  acoustic  intensities 

2 

was  of  the  order  of  10  rnW/crn.  They  presented  no  theory  for  these  results. 

18  7 

In  .1975  Penc,  commenting  on  the  work  of  Kessler  and  Sawyer  suggested 

that  the  mechanism  for  the  effect  may  be  a  vortex  flow  due  to  the  anisotropic 

absorption  of  the  ultrasonic  wave. 

1 9 

Also  in  1975  Bartolino,  Bert.olotti,  Scudieri ,  Petto  and  Sliwinski 
reported  that  light  passing  through  a  nematic  coll  of  50  jm  thickness 
could  he  modulated  from  low  frequencies  up  to  around  1  Mils  by  acoustic'  excitation. 
Both  the  nematic  and  smectic  phases  were  investigated.  The  transducer 
was  at  Inched  to  one  of  the  plates  and  was  given  square  wave  pulses.  They 
found  the  threshold  acoustic  intensity  decreases  with  acoustic  frequency ,  a  r.-.uil  t 
they  ascribe  to  an  accumulative  effect  at  higher  frequencies  where  the  period 
of  oscillation  approaches  the  relaxation  time  for  nn  elastic  deformation. 

Measuring,  the  intensity  of  the  l  ight,  as  a  function  of  transducer  v<*l  tngc  they 
found  a  change  of  slope  in  the  light,  intensity  versus  voltage  curve  in 
the  region  of  tunable  hi refri ngenee .  Since  their  sample,  0U0;>A,  liar 


a  Sl  ice!  i  c 
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as  well  as  nematic  phase  they  were  able  to  measure  the  threshold  voltage 
to  the  transducer  as  a  function  of  temperature  as  the  nematic  phase  appr  • 
the  smectic  phase.  For  this  region  the  threshold  voltage  has  a  large 
increase,  a  result  they  attributed  to  the  divergence  of  K.,„  ,  the  bend  • 
constant . 

Since  this  proposal  deals  with  bulk  sound  waves  in  nematics  we  have 
limited  our  discussion  thus  far  to  this  area.  However ,  there  have  been  : 
studies  for  surface  waves  and  shear  waves  as  well  as  hulk  waves  incident 
on  cholesteric  films. 

fO 

Surface  waves  were  used  in  19Y1  by  Davis  and  Chambers  to  produce 
a  standing  acoustic  wave  pattern  with  the  nematic  in  the  turbulent  phase. 
The  application  of  an  electric  field  lowered  the  aroust  la  j  over  level  rye  :< 
for  the  effect.  Mo  theory  was  presented  to  explain  the  effect .  Kapustina 
also  using  surface  waves,  produced  patterns  in  the  region  of  tunable 
birefringence  where  crossed  polarizers  are  needed  to  observe  the  effect, 
analysis  is  based  on  a  first  order  velocity  gradient  effect,  the  Max  we  3  • 

They  also  reported  a  technique'^  to  measure  the  structural  relaxation  t.  '•  ■ 
of  a  nematic  by  measuring  the  acoustic  flow  pa’ tern  which  results  f 
acoustic  wave  traveling  in  a  sample  whore  dimension  size  is  large  -a.  mi  : 

to  the  acoustic  wavelength.  In  fact  some  of  their  work‘d  pre-re  h  d  tint 
Kessler  ot  al.  ^  The  theory  of  Kapustina  ct  al.  was  subsequent  l.y  e >.•  i  z • 
by  Miyano  and  Sheri*"  (Mote  reference  <-’8  for  more  detailed  infer::  at 

of  th'  ir  experimental  technique.)  for  not  correctly  explaining  ’  im  putt . 

of  light  that  appeared,  for  not  giving  the  required  magnitude  of 
hi  refringer.ee  and  for  predicting  that  the  t.rar.-mi  tted  light  ini  easily  v 
iV :  c  i  I  1  a  l.o  with  tin?  imposed  frequ*ney,  a  result  which  Miyano  at.  i  flea 
re*  «•»*’.  did  not,  occur  in  their  work .  Miyano  an  1  .  inti  |  r>  q  •  r<  I  a  ■  ■ 


J--d  > 
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quantitative  acoustic  streaming  model  to  explain  their  results.  Tney  did  not  obser 
any  threshold  for  the  onset  of  the  effect. 

Shear  wave  excitation  of  a  nematic  has  been  studied  by  Kagawa,  Hatakeyama 
IT  29 

and  Tanaka.  *  They  found  a  threshold  of  oscillation  amplitude.  As  the 
amplitude  increased  past  the  threshold  a  phase  similar  to  what  we  have 
called  the  turbulent  region  ultimately  set  in.  They  found  little  effect 
from  changing  sample  thickness.  Their  theoretical  analysis  was  based  on 
a  simple  continuum  elastic  theory  and  predicted  a  threshold  which  is  independent 
of  s arr.pl e  thickness  as  their  experiment  indicates.  However,  their  theory 

also  required  that  the  product,  of  frequency  and  threshold  displacement 

should  be  a  constant  ,  but  their  experiment  did  not  bear  this  out. 

1  f?  30 

Cholesteric  liquid  crystals  have  also  been  used  '  in  place  of 

nematics  in  the  acoustic  cells.  For  these  cells  polarizers  are  not.  necessary 

since  the  effect  is  thermal .  The  acoustic  wave  heats  the  cholesteric  causing 
a  change  in  the  pitch  and  hence  the  color  of  the  cholesteric.  Practical 
application  of  this  technique  is  difficult  due  to  the  relatively 

high  acoustic  intensity  levels  required  and  the  temperature  control  one  mus ' 
impose . 

We  may  summarize  the  research  prior  to  .1976  for  bulk  wave  inducement  of  the 
acousto-optic  effect  no  follows:  As  the  acoustic  intensity  increase..,  a 
threshold  is  reached  for  which  white  light  passes  through  the  coll  observed 
using  crossed  polarizers.  As  the  intensity  continuer,  to  increase,  hew!  n's 
colors  appear  up  to  a  critical  level  of  intensity  where  the  turbulent  j bn:  o 
is  established  with  light,  scattered,  an  effect  visible  without  p.  >1  ar  i  ze>-r  . 


8 
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The  intensity  for  the  threshold  is  usual  ly  of  the  order  of  10  mW /en'’ 
and  decreases  with  an  Increase  in  siuap Le  thickness ,  temperature  or 
application  of  an  electric  field.  The  threshold  drastically  increases 
near  the  nematic  to  smectic  phase  transition.  There  have  been  wide 
differences  reported  for  the  response  time  fen-  the  effect  from  the 
to  sec  ranee.  A  wide  variety  of  mechanisms  has  been  reported  to  explain 
the  effect  but  only  two  quantitative  theories,  both  of  which  predict  there 
should  be  a  threshold  for  the  effect.. 

In  1976  tiie  author  present  ed  a  paper  (dec  Appendix  1.)  at  the 

33 

Sixth  International  Liquid  Crystal  Conference'  '  based  on  research  per  for :e»i 

3)1 

here  at  the  University  of  Hawaii  with  C.  ttripaipan  and  G.Faug."  Since  for 
the  previously  reported  experiments  in  the  last  seven  years  the  sample 
thickness  is  typically  less  than  one  tenth  of  the  acoustic  wavelength  and 
there  is  so  large  a  difference  in  acoustic  impedance  at  the  glass  nematic- 
boundaries  it  seems  inappropri ate  to  assume  there  is  a  single  wave  propngat  ed 
across  the  nematic  perpendicular  to  the  glass  plates,  as  is  assumed  by 
the  above  theories.  Kalhor  w  L*  C  S 13  erl  the  acoustic  wave  causes  a  lateral 
flow.  If  t.her--  is  a  wave  ul  one  po>  at  in  the  cell  and  not.  in  an  adjacent 
point  a  transverse  acoustic  wave  is  induced.  It  is  this  transverse 
wave  which  causes  transverse  acoustic  streaming  re. nil  ting  in  the  turning 
of  the  director  which  is  responsible  for  the  transmit. ted  light  in  the  region 
of  tunable  birefri ngotioe.  For  the  case  reported  in  Append i x  1  the  d iffeivuco 
in  pressure  was  due  to  the  air-nematic  boundaries.  For  nor.',  of  the  errs,  s 
reported  thus  far  the  pressure  difference  comer,  from  flu-  boundary  of 
the  acoustic  field  or  nr  ti-un  i  P  n-’„  i  ty  in  the  intensity  across,  the  ue. ic 
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field  itself.  We  further  assert  that  there  is  no  threshold  for  the  effect . 

What  has  been  previously  reported  as  a  threshold  results  from  the  transmitted 

]4 

intensity  being  dependent  upon  V  where  V  is  the  transducer  voltage. (Gee 
Eq.  20  in  Appendix  1.)  The  absence  of  a  threshold  can  he  seen  from  the  graph 
in  Fig.  h  of  Appendix  I.  The  graph  shows  the  sudden  increase  in  the  intensity 
with  voltage  is  quite  a  good  fit  to  Eqs.  l8  or  20  in  Appendix  1.  which 
are  not  threshold  equations.  The  presence  of  K  in  Eq.  18  explains  the 
divergence  of  the  reported  threshold  as  the  nematic-smectic  transition 
tempera  Lure  is  approached .  The  Discussion  Section  at  the  end  of  Appendix  I 
lists  our  experimental  evidence  supporting  our  theory. 

Also  at  the  Sixth  International  Liquid  Crystal  Conference  the  work  of 
39 

Candau,  Peters  and  Hagai  was  presented  in  which  they  showed  similar  conclusions 
to  ours:  there  is  no  threshold  and  the  mechanism  responsible  for  the  effect 
is  acoustic  streaming.  However,  I  believe  the  details  of  their  theory  are  in 
error.  Their  streaming  force  is  perpendicular  to  the  glass  plates  even  though 
the  spacing  between  the  glass  plates  is  as  small  as  h%  of  the  acoustic  wavelength 
and  the  large  difference  in  acoustic  impedance  between  the  liquid  crystal 
and  the  glass  gives  strong  reflections.  It  is  this  error  in  mechanism 
which  forces  tlieir  assumption  that-  the  director  must  he  tilted  even  when  no 
acoustic  field  is  applied.  I  believe  the  mechanism  responsible  for  the  effect 
with  their  arrangement-  arises  from  the  boundaries  in  the  cell  between  where 
there  is  an  acoustic  wave  and  where  there  is  non0.  The  mu 3 ti pi e  reflections 
of  the  acoustic  wave  add  to  give  an  oscillating  pressure ,  oscillating  with 
the  frequency  of  the  acoustic  wave.  There  is  little  (  less,  than  l'j%)  r.p-cin'l 
variation  of  the  pressure  along  t  tie  axis  perpendicular  to  the  glass  pin*  os 
due  to  the  multiple  reflections  of  the  acoustic  wave  at  the  glass-m.mat.ie 
bound ur i es .  Tie-  osci 1  la ting  pressure  then  causes  a  lateral  oscillating 
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flow  which  results'  in  a  lateral  acoustic  streaming  force.  The  some  mechanism 
applies  in  the  acoustic  betas  where  the  intensity  is  not  laterally  uniform. 

Less  important  are  the  non-insignificant  cross  terms  coupling  fluid  velocity 
and  director  orientation  which  are  omitted  from  thc-ir  streaming  force.  They 
measure  the  response  time  for  the  effect  to  be  of  the  order  of  seconds. 

3C) 

A  third  paper  presented  at  the  same  conference  by  Dion  and  Do  Forest  ’  also 
concluded  there  was  nc>  threshold.  The  mechanism  they  proposed  was  based 
on  the  anisotropy  of  acoustic  speed  in  the  nematic.  The  acoustic  wave  is 
transmitted  to  the  col.i  Trough  water  at  an  angle  of  b'J~>  to  the  plate  normal  , 
The  observed  pattern  indicates  the  director  tilts  in  one  direction, a 
conclusion  which  the  authors  feel  implies  streaming  is  not  the  mechanism .  I 
believe  that  here  also  the  mechanism  is  acoustic  streaming  which  occurs  as  the 
wave  reflects  back  and  forth  through  the  cell.  Since  the  wave  comes  in  at  an 
angle  there  is  a  net  transverse  motion  for  the  reflecting  wave  in  the 
cell  which  gives  rise  to  streaming  in  that  direction  and  hence  the  till 
in  one  direction.  Their  experimental  curve  is  quite  similar  to  our  graph, 

Fig.  1»,  in  the  Appendix.  If  the  maxima  ami  minima  of  the  curves  are  plotted  as 
our  Fig. 5  in  the  Appendix  their  data  show  a  linear  fit  ns  well  as  our  data.  They 
reported  a  very  small  intensity  ,  1  jiW/cm^,  is  required  for  the  effect.  This 

figure  is  based,  however,  on  the  pressure  of  an  acoustic  field  with  intensities 

p 

in  the  nW/ cm  range  which  taper  off  along  the  edges  to  the  smaller  range  vLo c 
the  effect  is  still  seen.  1  feel  what  is  being  seen  is  the  result  of  the  .1  atonal 
acoustic  streaming  induced  by  the  higher  intensity  regions. 

The.-  author  presented  an  invited  paper  at  the  Ordered  Fluids  an  1  Liquid 
Crystal  Symposium  held  in  conjunction  w.i  Lli  the  1977  national  meet,  i  ug  of 
the  American  Chemical  Society.  See  Appendix  II.  The  paper  shows  that,  if  an 
electric  field  is  applied  to  the  nomal ic  cell  during  the  simultaneous 
stimulation  of  an  ultrasonic  wave  the  experimental ly  determin'd  behaviour 


i  .i 

agrees  vilh  what  the  author's  theoretical  mode]  predicts. 

In  .1977  Dion^  and  Dion  and  Jacob  ^  proposed,  a  new  theory  where 
the  effect  was  attributed  to  anisotropic  absorption  of  the  acoustic 
wave  in  the  nematic  giving  rise  to  a  torque  on  the  molecules.  They  reported 

p 

the  power  required  for  the  effect  was  in  the  microwatt/cm  region 

2 

rather  than  the  milliwatt/cm  region  reported  by  other  researchers.  We 
feel  the  new  data  they  report  agree  with  our  model  and  further  note  that 
they  are  using  liquid  crystal  thicknesses  of  290  micrometers  rather 
than  the  10-100  micrometers  used  by  other  researchers.  Making,  such  a 
change  for  11,  the  .liquid  crystal  thickness,  in  our  Equation  Ui  in 
Appendix  Ill  results  in  a  predicted  decrease  in  the  level  needed  for 

2  p 

observation  of  the  effect  from  the  mill  iwat.t/cm  '  range  to  the  i..*crovatt./cr! 
range. 

1(0 

In  1977  Hiroshima  and  Shimizu  reported  that,  sound  fields  could 

he  visualized  using  a  mixture  of  nematic  and  cholesteric  liquid  crystal, 

where  there  is  a  change  of  texture  from  planar  to  focal  conic.  Ho 

polarizer  is  needed  for  the  observation.  They  assume  the  mechanism 
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proposed  by  Helfnchj  however, no  detailed  comparison  is  made  between  the 
observation  and  the  theory. 

]n  .1973  Hagai  and  I  i  zuka  ^  ’  reported  a  nematic  cell  in  which 
the  liquid  crystal  was  divided  into  a  series  of  {separated  segment  si.  The 
division  was  mads;  to  confine  the  flow  due  to  the  sound  (i.e.  the  acoustic 
streaming).  With  the  cell  they  were  able  to  improve  the  resolution  above  what 
had  been  previously  obtained.  This  research  again  implies  indirectly  the 
streaming  mechanism.  In  the  independent  work  by  l.ebruu.  Can  lui  and  belcher 


in  1979  a  similar  cell  is  construe t e  I  with  similar  cone  I  us  ions .  The  dinstim 


of  the  streaming  tiny  take  to  be  mainly  perpon lieu  tar  to  the.-  glass 

nn 

plates  in  the  area  of  the  incident  acoustic:  beam,  rather  than 
tile  transverse  flow  mude'l  of  the  present  author.  This  author  ha:; 
consistently  insisted  the  flow  is  transverse  and  now  has  direct 
evidence  that  such  is  the  case: 

During  the  initial  year  this  contract  with  ONii  has  been  in  force 
) j n  w 

the  present  author  ’  ’  has  re|K>rted  the  solution  to  second  order  of 

the  hydrodynamic  equations  govern i  11*3  tiie  flow  in  a  system  such  as  the 
one  used  in  the  nematic  ceil.  Fxperimental  confirmation  (iiee  Appendix  1JJ. .) 
of  the  direction  and  magnitude  of  the  flow  was  made  by  microscopic 
observation  of  fine  grains  suspended  in  transparent  oil  stimulated  by 
an  acoustic  wave.  Various  cells  have  been  made  for  obr._r nation  of  an  amiss  1. 
wavefront  by  means  of  the  nematic  acousto-optic  effect,  in  Figure  iA  a 
closo-u.-,  of  the  cel.!  is  shown  which  allows  visual  i  vu  to  on  of  the  squari 
of  nematic  liquid  crystal  homeotrop  ically  aligned  w  i  th  no  acoustic  wave 
present.  The  squares  are  0.8  mm  on  the  side  and  are  separated  by  strips 
of  Riston,  a  photo-resist.  In  this  way  the  flow  is  confined  to  each  nematic 
square  so  it  should  be  possible  for  a  square  in  which  there  w as  a  flow 
to  have  an  adjacent  square  with  no  flow.  The  cell  appears  darkened  si  tun 
it  is  observed  between  crossed  polarizers.  A  sina  11  amount  of  .light  can  be  seen 
at  the  nematic -Kiston  interface  in  some  of  the  squares  due  to  aJ  i gnmeut 
of  the  interface  rather  than  from  the  glass  surfaces  which  had  been  treated 
with  .lecithin.  In  i’i  gurc  111  the  change  in  transmitted  .light,  is  shown  when 
an  ultrasonic  beam  is  directed  to  the  cell.  In  Figure  1C  the  acoustic  wave 
is  removed  and  the  cell  .relaxes  back  toward  the  state  of  Figure  I  A.  'this 
relaxation  process  takni  place  more  quickly  if  an  electric  field  is 
applied.  The  dark  region  on  the  left,  of  Figure  1  P  C  is  due  to  the 
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Figure  1 
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Figure  2 


transducer  bli.H-l.itj/,  thi-  light  t' the  cell,  'l'lu?  dark  line  neon  to  "be  almost 
vert  ical  in  Figure  I1>,1F  uml  1C  in  the  edge  of  a  transparent  plastic 
strip  which  covers  the  left  side  of  the  cell,  in  D  no  wave  is  emitted 
from  the  transducer.  In  F  and  C  the  ultrasonic  wave  is  turned  on  and 
the  diffraction  pattern  of  the  acoustic  wave  is  seen  a:;  well  as  a  certain 
amount  of  the  wave  which  is  transmitted  through  the  plastic.  The  difference 
between  F  and  C  is  how  far  the  plastic  strip  is  from  the  cell.  In  K  the 
cell  is  seen  with  no  plastic  present.  In  Figure  P  a  cell  with  no  Kist-.n 


array  is  compared  with  the  former  type  of  cell.  In  both  of  tiiese  cell,-, 
the  back  glass  plate  is  silvered  and  therefore  observed  in  reflection. 

In  Figure  L’A  tan-  optical  image  oi'  a  "T"  made  of  foci:!  is  shown  w.i  tii  a  wire 

support..  The  "T"  was  pi  need  in  the  acoustic  boajjl  giving  its  acoustic  image 

ju  li  where  no  His  ton  array  was  used.  The  foam  was  pi  -iced  it..- .<  •  jiat.  ely  behind 

the  m  i  rrored  wall  of  the  cell.  Mote  th  wire  support  which  is  placed  farther  from 

tin-  eel!  is  Just,  barely  vir.ilvie.  In  ('  the  cell  is  shown  with  the  "T"  n  ..i  ■.<■•!  . 

In  1.)  a  cell  is  shown  for  which  the  nematic  is  confined  by  a  His  ton  array. 

Figures  3  and  show  the  acoustic  diffraction  pat  terns  of  various  object:, 

placed  in  the  path  of  the  acoustic  beam.  Cells  for  t  i,e:a-  figs  to  s  are  observe  i 
in  transmission  rather  than  reflection.  Tnoy  do  not  have  a  t-  i  ••  cored  stirf  an  v 
a  His  ton  array.  Fip;nre  3A  shows  tin  pattern  obtained  for  a  wire  bent  in  a  "Li" 
shape.  The  dark  "U  1  shape  is  the  optical  .imago  s«a  n  since-  a  transparent  cel!  is 
utilised.  In  Figm-e  3il  the  pattern  is  due  to  the  t  d/e  el'  a  clear  plant  i 
strip.  In  Figure  iiA  both  the  optical  image  of  a  straight  wire  ray  be  seen 
as  well  as  the  acoustic  d i f fra. •  t i on  pattern  that  is  formed.  For  H  the 
acoustic  intensity  is  in.-ra-ased  over  that,  of  A  and  iVr  C  lie  w  i  re  is 
moved  fartlier  from  t:e-  cell.  Note  t.he  <1  i  f  f«-r<  nee  in  fringe  s;  .in,  on  ;  he 
left  aril  right,  side.;  of  the  wire.  This  differed  a-  is  ihu  I  lie-  nn-.'i 
between  the  ia'-icieiit  beam  and  t.he  nematic  cel  I  . 
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Work  in/*  with  Die  present  aul.lior  on  thin  project  durin;'  Dio  fir.iL 
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contract  year  liar,  been  W.  I.aidlaw,  a  visiting  prof  esao**  from  the  lln  i  v*  s,  i  t.y 

of  CalRury.  Biitoe  there  in  still  disagreement  in  the  1 item  tun-  even 
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now'  us  to  whether  the  acouato-optic  effect  in  duo  to  stream  i  hr , 

Professor  Laid! aw  has  presented  an  overview  which  should  clear  up  much  of 
the?  confusion.  See  Append ix  IV.  He  also  has  included  time  dependence  for 
the  ousel  of  Die  effect-  which  has  been  omitted  theoretical  ly  in  al  l  pri  vi  >u 
work. 

Puri  up  the  first  part  of  the  second  cont  ract,  year  we  have  cuiiei  nt  r:.!  .-d 
on  the  influence  of  the?  incident  .'iconstic  s>i/;]e.  One  Rioup  rej.u-t^1  D  t 
the  effect  only  occurs  for  their  celts  at  ancles  Cr<  ',  \  te  it  <h  ••••.  V.‘. 
now  understand  vli.v.  For  the  effect.  to  occur,  stream:  »■;;  must  u  •■•us  ir.  '!.• 
liquid  crystal  layer.  For  significant  stream  in/ •.  to  e-cur  11,-iv  i  F-  •: 
amplitude  maximum  in  the  liquid  crystal  layer.  The  incident  .an.-le; 
impedances  of  the  .liquid  crystal,  cell  wal  t  *c.  and  s.ur  rw  in  i  i  n, .  fin'..;  •  ’ 

wall  thicknesses  and  acoustic  frequency  which  result  in  the  Jury.  a?  j  I  i ' 
are  those  which  allow  maximum  acoustic  transmission.  Th  refer**  a  i  .'h.  • 
tical  model  has  been  dev  el  oped  which  prer.crihej;  how  l  her..*  pummel  >  ■  r :  •  b- 

optinir/.ed  for  in.nxinii7.nt Jori  of  the  effect.  The  details  of  this  work  is.  in 
Appendix  V.  This  report.,  therefore,  should  prove  most  useful  sura-  it  dir" 
flow  a  cell  should  he  consf-ruef-ed  for  a  Riven  aeousd  ic  frequency.  (VI  Is  res 
const. nic  t.  d  which  verified  our  mod"). 

Also  during  the  second  yar  of  Di"  contract  the  eff'-et.  of  an  aj  plied 
electric  field  upon  the  visual  pattern  was  i  nv*'s.t.  ipi !  >-.l .  The  author-  hu  i 
developed  an  equation  (Api-  ndix  it)  which  shows,  liow  tie  s  -iis.il  ivity  of  tin 
aeons  l.o- opt  ie  effect  depends  upon  a  simultaneously  applied  electric  field. 
AlthouR.li  previous,  authors,  have  referred  te  the  chan/'.-  in  the  tit:,.  r,-s.p  uis-e 
due  to  an  electric  field  the  pattern  sensitivity  to  tic  electric  field  he: 
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not  boon  investigated .  For  a  nematic  liquid  crystal  with  positive  (negative) 
dielectric  an 'isotropy  an  increase  in  tin?  electric  field  causer,  a  decrease 
(increase)  in  the  sensitivity  of  the  Cell  to  the  acoustic*  field.  Therefore, 
it  would  appear  the  acoustic  intensity  region  of  interest  could  be  "dialed 
in"  by  an  electric  field.  For  Figure  'j  the  ultrasonic  beam  was  incident 
upon  a  thin  lucite  sheet  in  which  a  one-quarter  inch  circle  has  been  cut. 

Far  t  of  the  sou  no  was  transmitted  through  the  lucite  and  super  imjKisod  upon 
this  intensity  was  the  diffraction  pattern  from  the  hole.  The  intensity 


The  electric  field  for  Figure  5  part  A  was  adjusted  to  reveal  the  diffraction 
pattern  arid  for  Figure  5  part  B  for  a  more  sensitive  acoustic  detector,  f.iriee 
the  nematic*  used  for  this  cell  has  positive  dielectric  anisotropy  the  electric- 
field  was  reduced  :in  going  from  Figure  ‘}h  to  hB .  For  an  increase'  in  elec  trie 
field  the  entire  field  of  view  would  go  dark. 

In  Figure  C  a  transparent  cell  covers.  the  field  of  view  for  each  picture. 
The  solid  circle  in  the  left,  of'  each  picture  is  the  transducer  operating  al 
I  Mil-/..  The  open  circle  centered  in  each  picture  is  the  mount  for  the  initial 
light  pninri/.er.  At.  approximately  hh  degrees;  |.,>  th"  tor  i  /.<  mta  I  is  an  alu¬ 
minum  rod  located  just  on  the  transducer  sid"  of  the  cell.  In  Figure  f-A  the 
ncous’.tii*  diffraction  pat. tern  of  the  rod  is  visualised.  The  ilecfrir  field 
is  approximately  10  v  rms  at  1  Ou  it/..  For  Figure  Ah  t.he  applied  egelrie 
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Figu  re  5 
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field  is  routined  to  zero  and  the  turbulent-  mode  u.j r-ij ,  a‘ll  tut.  destroy¬ 
ing  the  observation  of  t  he  acoustic  d  i  ['fraction  pat.  tern.  By  increasing 
the  electric  field  above-  the  value  in  Figure  6A  order  may  be  restored  arid 
the  cell  in  sensitive  to  only  the  first  few  fringes.  Figure  60.  However, 
ever,  with  the  high  electric  field  more  fringes  may  be  seen  by  merely  in¬ 
creasing  the  sound  intensity.  Figure  6ll.  The  picture  in  Figure  (>  were  all 
tale:,  for  sound  intensities  in  the  range  of  0.02  to  0.10  W/em  .  This  same 
ceil  can  be  used  for  visualization  of  intensities  over  an  order  of  rnagnit.ud 
larger,  by  merely  using  a  larger  electric  field.  In  Figure  7  the  acoustic 
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intensity  is  1-5  W/em  .  In  Figure  7 A  series  of  concentric  circles  is 
shown  as  well  as  the  pat!  ,-rn  from  the  aluminum  rod.  The  circle:.;  are  the 
acoustic  diffraction  from  an  air  bubble  formed  on  the  cell  wall  by  cavita¬ 
tion  which  occurs  for  an  acoustic  wave  of  such  intensity.  Again  in  Figure 
73  the  turbulent  mode  is  seen  when  the;  field  is  reduced.  In  Figure  70  the 
acoustic  wave  is  removed  and  the  field  restored  but  still  one  minute  Later 
some  regions  of  non-alignment  persist  along  the  fringe  lines  where  the 
turbulence  was  more  pronounced. 

In  Figure  8a  the  acoustic  diffraction  pattern  from  a  straight  edge  is 
shown.  The  transparent  plastic  strip  blocks  the  beam  from  the  left  portion 
of  the  pictures.  For  Figure  8B  a  red  filter  is  placed  in  front  of  the 
camera.  In  this  case  :i  t  is  shown  that  the  contrast  of  the  pattern  may  be 
Improved  for  the  cell  by  yet  another  method,  a  light  filter. 

| 
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Wo  now  understand  tin-  median  i  sm  ( aenus  f  i  i:  s  I .  r_«.*:ti:i  i  up )  which  causes  the 
acoiiKl.o-opt.ic  effect.;  the  s  i  mu  I  faneous  effect,  of  an  applied  c'lcclric  field; 
the  role  of  cell  wal  l  thickness,  density,  and  wave  speeds;  the  role  of  the 
liquid  crystal  layer  thickness  and  wave  speed;  the  role  of  the  density  and 
wave  speed  of  the  sitrroundinp;  fluid::;  and  the  effect  of  eharijinp  the  inci¬ 
dent  acoustic  unpple.  We  have  succe. (led  in  inak  i  up,  a  variety  of  colls  to 
visualize  acoustic  shadows  from  ob.jec  f.s  as  well  as.  acoustic  ili  (‘fraction 
pat  terns . 

However,  a  number  of  areas  need  to  be  :inv<  ::t.  ipale.l .  'J'he  most  important 
of  these  is  the  resolution  of  the  acoustic  ininpe.  There  are  a  variety  of 
cell  doslpns  which  we  now  have  in  mind  uf  i  I  i '/.  i  up.  the  ins.  i , "Jits,  obtained 
from  the  study  completed  thus  far.  One  of  these  lies.  pais,  encapsulates  the 
nematic  :in  thin,  flexible,  transparent,  plastic.  The  plastic  should  be 
coated  to  make  il.  electrical  l.v  eonduet  ive  >  an  el.  efr  ic  field  may  be  main¬ 
tained  for  proper  al  i  {lenient  of  the  liquid  cry:  'at.  Vie  •  i..  chno  1  ory  of  en- 
caps.nl  at  i  up;  liquid  crystals  is  well  es.l.ab!  i  shed  as  evidenced  by  the  liquid 
crystal  thermometers  and  "mood"  vines  now  on  the  market.  We  merely  used  to 
have  a  nematic  liquid  crystal  encapsulated  raj  her  than  I  lie  cho|  esf'  >r  i  c  1  iqu?f 
crysta  l  presently  used.  There  are  companies,  which  make'  electrically  coaled 
thin  plastic  and  we  have  received  a  sample  from  one  such  company.  i\v  maloh- 
i rip  file  impedance  of  the  plant  ic  to  that  of  wafer  the  cell  should  he  quite 
transparent  to  the  sound  and  therefore  distort  the  field  beinp.  studied  as 
lift!'  as.  possible.  The  flexible  plastic  is  lens  fragile  than  the  thin 
Class  presently  used  and  yet  thin  enoiip.M  to  prevent  multiple  reflections 
in  the  cell  walls  thereby  i  rir  rear,  i  rip,  the  resolution.  linen  psu  I  a  I.  i  up,  the 
liquid  crystal  should  also  improve  the  resolution  since  the  acour.tic  rtvesmii 


i 


which  causes;  the  effect  wi  J  1  be  confined. 

It  is  also  advisable  to  use  higher  frequencies;  than  wo  have  used  thus 
far .  As  the  frequency  increases  the  wavelength  decreases  thereby  improving 
the  present  diffraction  limited  resolution.  We  have  been  working  with  a 
1 . y  mm  wavelength  acoustic  wave,  so  naturally  it  is  not  surprising  that  the 
resolution  in  our  present-  cells  are  about  this  length. 

Although  the  mathematical  groundwork  has  been  laid,  we  still  need  to 
study  quantitatively  the  time  response  of  the  cell.  The  response  will  tie 
measured  as  a  function  of  acoustic  intensity ,  frequency,  liquid  crystal 
layer  thickness,  and  vi  sees,  i  Ly . 

Finally,  there  arc  important  temperature  effects,  which  suould  be  in¬ 
vestigated  .  If  the  liquid  crystal  has  a  smectic  as  well  as  a  nematic  phase, 
as  the  temperature  is  lowered  through  the  nematic  phase,  the  K33  elastic 
constant  will  diverge  causing  a  striking  change  in  the  acousto-optic  effect 
which  is  governed  by  this  constant. 


I 
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BICNi KICANCK 

There  is  widespread  technological  importance  to  the  research  which  w<* 
tire  pi’oposi ng .  Wo  feel  we  understand  the  basic-  median i r.m  rcsponsib  1  c-  for 
the  acousto-optic  effect  ill  the  birc-friiif'ent  rep/ion  and  wish  to  extend  and 
further  test  our  formulation.  The  result,  will  have  immediate  implications 
for  application.  An  adequate  undoes Land inp  of  the  mechanism  is  necessary 
before  one  can  successfully  use  the  effect,  for  instance,  in  amp! i tude- 
phase  dat  a,  converters,  detect  ion  of  acoustic  sip.nal  s  and  acoust  ic  field 
imapi-Up,.  W e  feel  i.li c  poor  results  obtained  thus  far  in  attempted  applica¬ 
tions  are  the  result,  of  the  lack  of  understand  i  np.  of  the  uuder  ly  i  nr.  mechanism 
The  success  of  the  technique  would  be  important  in  acoustic  holography, 
medical  diagnosis,  and  naval  underwater  visualization. 

Finally,  the  widespread  current  interest  in  the  field  of  liquid  crystals 
amonp,  scientists  from  a  wide  variety  of  disciplines  is  indicative  of  its 
perceived  importance  in  the  pursuit  of  understand i nf.  of  condensed  matter. 
These  mesophaser.  arc?  particularly  important  in  areas  of  statistical  mechanics 
phase  transitions  and  the  many  body  approach  to  condensed  matter.  Acoustic 
excitation  of  liquid  crystals  both  near  and  removed  from  regions  of  phase 
transitions  is  an  important  tool  in  this  pursuit.  Although  much  w"T.  lifts 
been  done  on  first  order  interactions  of  an  acoustic  field  with  a  liquid 
crystal.,  our  proposal  would  substantial  ly  increase  the  knowledge  of  second 
order  effects  on  .liquid  crystals,  for  which  so  little  is.  known. 
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ABSTRACT 

A  series  of  lines  parallel  to  the  liquid  crystal  boundary  have  been 
observed  using  crossed  pol  >k  izers  on  a  liorneotropic.al  !y  aligned  nematic 
liquid  crystal  cell  excited  by  ultrasonic  bulk  waves  of  about  1  KHz.  V.’c 
propose  that  tiic  physical  mechanism  responsible  for  the  rotation  of  the 
mleculcs  of  the  liquid  crystal  from  their  perptndi  cul  ar  position  is  the 
acoustic  streaming  which  occurs  in  any  viscous  liquid.  Theoretical 
analysis  of  the  nodel  shows  that  the  lines  should  be  separated  by  one 
quarter  of  the  acoustic  wavelength  and  the  intensity  of  the'  light  re¬ 
flected  f r om  the  cell  through  crossed  polarizers  should  be  proportional 
to  sin?(bV’  ),  v here  V  is  the  excitation  voltage  applied  to  the  transducer 
and  l:  is  a  core  lent.  Doth  predictions  are  supported  by  our  experimental 


res ul ts . 


I  n  t  roduc  t  i  on 


It  has  recently  been  found  [l-'l]  that  when  the  intensity  of  an  ultra¬ 
sonic  bulk  wave,  incident  normally  on  a  homeo tropical  ly  aligned  nematic 
liquid  coll,  exceeded  a  certain  threshold,  the  cell  became  hi  ref  r i ngen l . 
The  birefringence  was  attributed  to  the  tilt  of  the  liquid  crystal  di¬ 
rector  from  its  perpendicular  position  with  the  tilt  caused  by  some  sort 
of  hydrodynamic  flow.  Cut  the  physical  mechanism  of  the  flow  has  been  un¬ 
clear. 

In  order  to  exp  la.  in  Ibis  phenomenon,  some  mechanisms  such  as  cybotac- 
tic  nematic  phase  [2],  and  anisotropic  absorption  [5]  have  been  suggested, 
but  they  arc  neither  supported  by  quantitative  theories  nor  verified  by 
experimental  results.  The  first  quantitative  theory  was  proposed  by 
Hclfrich  [6],  He  considers  the  transverse  component  of  the  radiation 
pressure  generated  by  the  anisotropy  in  the  visco-elastic  properties  of 
the.  liquid  crystal  to  be  responsible  for  the  acousto-optic  effect.  The 
threshold  acoustic  intensity  for  hydrodynamic  instability  is  estimated 
by  his  theory  to  be  25  W/cm?-,  which  is  much  higher  than  the  experimental 
results  found  by  others  [l,2,f|]  to  be  only  a  few  rai  il  i watts  per  square 
centimeter.  Nag  a  i  and  Iizul.a  [3]  have  obtained,  f  rum  the  Los  1  io-Tr  icksen 
hydrodynamic  equations,  a  threshold  intensity  for  hydrodynamic  insta¬ 
bility  of  0.2  V.'/cm?  but  recently  Hagai  [7]  expressed  doubts  about  the 
existence,  of  such  a  threshold. 

In  this  paper,  we  report  the  results  of  an  investigation  of  the 
acous  to-opt  i  c  effect  in  a  liomeot  ropical  ly  aligned  nematic  liquid  crystal 
cell.  V/c  observe  a  series  of  lines  parallel  to  the  free  edges  of  the 
liquid  crystal  cell  and  have  made  quantitative  m  asm  en.e.rits  of  the  re¬ 
flected  light  intensity  through  ciossrd  polarizers  as  a  function  of 


the  excitation  vol  tage  to  the  piezoelectric  transducer.  A  physical  model 
based  on  acoustic  s  t  rcutni  ug  is  proposed  to  explain  the  observed  phenomena 
and  a  quantitative  relationship  between  the  reflected  light  intensity  and 
the  excitation  voltage  is  derived  from  the  Lcs 1 ie-fcr ickseri  hydrodynamic 
equations  using  the  acoustic  streaming  theory,  finally,  we  list  the 
evidence  supporting  our  model  and  compare  it  with  other  models. 

2 .  Fxpor insjn t 

2 . 1  LxpaH  men  ta  1  5 •:*  t  - u r> 

The  test  cell  consisted  of  a  thin  layer  of  N-  (p-Mcthoxybcuz.y  1  idcnc)  - 
p-n-buty  1  ani  1  ine  (tVif'-A)  (llast man  Chemical  No.  XI  l  ?MC)  sandwiched  between 
a  glass  plate  and  a  mirror  (fig.  1)  at  a  room  temperature  of  2i°C.  Homeo 
tropic  alignment  was  achieved  by  a  thin  coaling  of  lecithin  on  the  two 
inner  surfaces  which  were  separated  !>y  two  narrow  strips  of  mylar  spacers 
The  glass  plate  and  the  mirror  i  e  glued  togethei  on  the  two  edges  along 
the  spacers;  the  oth-.t  two  edges  weie  lei'  open.  The  cell  was  coupled  to 
a  thickness  mode  piezoelectric  transducer  through  a  thin  layer  of  vacuum 
grease . 

Optical  observation;,  were  made  using  a  re  f  1  ec  led- 1  i  gilt  polarizing 
microscope  (Nikon  S-KL)  .  For  a  larger  field  of  view  [2 .  cm  diameter), 
a  Rausch  and  t.omb  St c- reo/iom  rni  c rose converted  into  a  ref  1  ec t ed-  1  i  gh  t 
polarizing  nicroscc.pe  was  used. 

For  quantitative  measurements  of  ref  I cclcd- 1 i gh t  intensity  f rom  the 
test  cell  ,  the  system  of  Fig.  2  was  mod.  The  light  Source  of  the  miciw 
scope  was  a  (le-Ne  laser.  A  ?  0  X  objective  was  used  with  t  he  field 

apeitum-  fully  closed  so  that  the  area  investigated  was  small  (0.2  mm 
diameter)  and  therefore  more  uniform.  The  image  projected  cut  the  front 
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end  of  the  photomultiplier  without  the  eye  piece  was  a  uniaxial  c re s •, 
when  the  liquid  crystal  was  in  its  unexcited  state.  The  pin  hole  aper¬ 
ture  of  the  photomultiplier  was  placed  at  the  center  of  the  cross.  As 
the  signal  applied  to  the  transducer  was  linearly  increased,  the  light 
intensity  was  plotted  as  a  function  of  excitation  voltage  on  the  XV 
plotter. 

2.2  Expo r  i mental  Re sujt.s 

a)  Optical  observation  of  a  small  area  (_?.b_mi»  diai.ieU'jr) 

As  the  voltage  applied  to  the  transducer  at  about  1  KHz  was 
slowly  increased,  the  liquid  crystal  changed  from  a  dark  appearance  to 
one  having  a  pattern  of  white  areas.  Then  colors  started  to  appear  at 
the  center  of  the  white  areas  in  the  sequence  of  increasing  phase  dif¬ 
ference  wh i 1 e  the  preceding  color  moved  to  the  perimeter.  After  several 
orders  of  color  change,  the;  centers  became  light  brown.  This  we  identi¬ 
fied  as  the  c-nd  of  the  region  of  tunable  birefringence  and  the  start  of 
the  turbulent  region  where  the  liquid  crystal  strongly  scattered  tight. 
The  light  brown  areas  replaced  the  colored  pattern.  Continuing  to  in¬ 
crease  the  vol  Cage  disinclination  lines  and  wave- 1  i  Ice  patterns  (period 
-  100pm)  appeared.  They  moved  in  a  vortex  motion  (fig.  3a)  with  their 
speed  increasing  with  voltage.  Finally,  totally  dark  areas  appealed  as 
the  liquid  crystal  went  into  its  isotropic  phase.  A  thermistor  attached 
to  the  hot  tom  glass  plate  of  the  liquid  crystal  cell  registered  a  signi¬ 
ficant  temperature,  increase  during  the  turbulent  phase. 

When  a  voltage  (3b0V  at  1  MHz)  1  arger  than  that  needed  for 

p-p 

the  turbulent  region  was  suddenly  applied  to  the  transducer  wills  the 
cell  at  room  tempt  •r«.lure,  the  liquid  crystal  cell  went  immediately  to 
the  end  of  the  region  of  tunable  hi  ref  ring. -nr.",  then  moved  through  the 
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turbulent  region  and  into  the  isot  topic  phase  in  about  one  minute. 

b)  Pot  tern  on  the  whole  liquid  crysl.nl  cell  in  the  region  of 
tunab  1  e_  h  i  re.f  r  i  n gence 

Looking  ovei  the  whole  coll,  we  saw  that  the  white  areas  formed 
lines  parallel  to  the  two  free  edges  (fig  3l>)  •  This  pattern  was  best 
seen  when  these  lines  were  making  l,lj°  to  the  polarizer  and  the  analyzer 

The  distance  between  the  lighted  lines  decre  • od  as  the  ultra¬ 
sonic  frequency  increased.  Pictures  of  the  liquid  crystal  cells  (?.'j  pm 
and  /O  pm  thick)  were  taken  at  different  frequencies  from  ChO  kllz  to 
1.33  KHz.  The  <1  is  lances  between  lighted  lines  were  measured  at  17 
places  on  these  (.'holographs  and  found  to  be  (( \2(j  ❖  0.08)X  where  A  is 
the  wavelength  of  acoustic  bulk  waves. 

When  the  liquid  crystal  cell  war.  placed  directly  above  the 
transducer,  two  dark  lines,  one  parallel  to  the  polarizer  and  the  other 
to  the  analyzer,  formed  a  cross  at  the  center  of  the  cell.  As  the 
stage  was  rotated,  the  cross  remained  basically  intact.  When  a  small 
air  bubble  was  intioduc.ed  into  the  liquid  crystal,  concentric  rings  of 
lighted  lines  were  seen  surrounding  it  (Fig.  3c). 

c)  Light  det  ccl  i  on  using  a  phctoinul  t  i  pi  i  er 

The  set-up  of  Fig.  ?.  was  used  to  find  end  plot  the  reflected 
light  intensity  at  the  center  of  a  lighted  area  as  a  function  of  the 
excitation  voltage  to  the  transducer.  The  orientation  of  the  micro¬ 
scope  slatje  was  set  for  max  i  mum  birefringence,  at  which  the  lighted 
lines  made  *l5°  to  the  polarizer  and  the  analyser.  The  result  for  a 
60  pst  cell  at  0.6u9  HI/  is  presented  in  Fig.  !< . 

When  the  signal  f  1  om  the  photomultiplier  amplifier  was  ohsei'.td 
ditectly  on  an  oscilloscope,  it  did  no l  contain  the  ultto' ound  fi^q'sia 


when  tlic  liquid  crystal  was  In  the  tunable  birefringence  region.  How¬ 
ever,  in  the  turbulent  region,  the  light  was  seen  to  be  nodulated  by 
the  ultrasound  frequency . 

Theory 

3.1  Description  of  tht^  Physical  iVuli  1 

Our  physical  noth.  1  is  as  folio..'.:  As  the  bottom  glass  plate  of 
the  liquid  crystal  cell  mc"'OS  vertically  upward  the.  pressure  in  the 
MBBA  is  increased.  A  horizontal  pressure  gradient  will  be  induced  at 
the  two  free  edges.  c>f  the  cell,  the-  air-h'iLA  boundaries.  As  the*  bottom 
glass  plate  roves  downward  the  gradient  is  reduced  and  then  reversed. 
The  oscillating  gradient  induces  an  oscillation  in  tlic  positions  of  the 
bound  1 1  i c s  whit  *.  c  a • e  waves  to  travel  horizontally  through  the  cell. 
Consequent'  ly  a  *.t..  ruing  wave  !••:>>•  be  set  up  be  tween  the  ai  r-MBBA  bounda¬ 
ries  v/i  th  nodes  and  antinodes  in  lines  parallel  to  the  boundaries.  The 
standing  wave  setc  up  acoustic  streaming  [8]  between  the  nodes  and 
antinomies  which  turns  the  liquid  crystal  molecules  in  the  plane  per¬ 
pendicular  to  the  free  boundaries  and  the  gloss  plates.  The  areas 
between  the.  nodes  and  anti  nodes  appear  as  lighted  lines  under  a 
polarizing  microscope  with  dart:  lines  indicating  the  nodes  and  anti¬ 
podes  . 

3 . 2  Theoret  i  a :  1  Analyst  s 

In  the  hydrodynamic  formulation  of  Stephen  [3j  based  on  the*  Osren, 
Fraril. ,  Erickson  and  Leslie  theories,  the  director,  velocity,  pressure 
and  density  are  all  coupled,  t.'c  expand  the  variables  in  the  coupled 


3  « 

equations  around  their  equilibrium  values  assuming  a  standing  compression 
wave.  Taking  u  to  be  any  of  these  variables, 

2 

u  =  u  +  eu.  +  e  u„ 
c  1  2 

where  u^  is  the  equilibrium  value  and  e  a  parameter  to  indicate  the  degree 
of  approximation  we  are  using.  Each  equation  is  valid  to  each  power  of 
e.  The  equilibrium  value  of  the  director  is  token  in  the  z  direction. 

The  pressure  and  density  equilibrium  values  are  constant  and  the  velocity 
equilibrium  value  is  zeto.  for  each,  variable,  Uj  is  a  sinusoidal  func¬ 
tion  of  time.  Therefore,  u^  consists  of  a  sinusoidal  function  of  time 

with  twice  the  frequency  of  u.  and  a  static  part  coming  from  the  time 
2 

average  of  the  Uj  terms.  We  take  the  time  average  of  the  equations  to 
2 

order  c  so  only  the  static  part  of  u^  is  of  interest. 

We  consider  a  horneotropica!  iy  aligned  nematic  sandwiched  between 
two  glass  plates  at  z  ■-  0  and  z  h.  Assuming  the  director  may  turn  from 
the  z  direction,  we  may  take  the  x-z  plane  to  always  contain  the  director 
and  solve  the  equations  in  two  dimensions  without  loss  of  generality. 

Later  we  will  identify  the  x  axis  as  the  direction  of  second-order  hydro- 
dynamic  flow. 

To  first  order  we  have  five  variables:  the  two  components  of  velocity, 
the  director,  pressure  and  density.  We  have  the  four  hydrodynamic  equa¬ 
tions  of  Stephen  and  we  take  tire  first-order  pressure 

p|  "  C?P,  (1) 

where  c.  is  the  velocity  of  sound  and  Pj  the  first-order  density  of  the 
fluid.  A  term  proportional  to  the  partial  time  derivative  of  pj  could 
be  added  but  the  net  effect  may  be  absorbed  hy  a  change  in  the  bulk 
vi  scos i ly  [8] . 
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To  first  order  in  e  the  hydrodynamic  equations  arc 


V/e  arc  using  Stephen's  [9]  notation  for  the  viscosity  coefficients,  y-(  . 
V/e  have  omitted  the  small  elastic  terms  from  Fq.  2  and  have  taken  y^  to 
be  zero  since  experimentally  [11]  its  value  is  much  smaller  than  the 
other  coefficients.  (Care  must  be  taken  in  identifying  the  proper 
viscosity  since  Stephen  takes  the  viscous  force  os  Bt.j/Sx^  and  many 
others  as  o  t  j / 3x . ) 

We  see!-,  solutions  of  F.q's.  2-5  near  the  lower  nematic  boundary, 

z  =  0,  which  become  standing  waves  in  the  bulk  of  the  nematic.  Using 
2 

the  approximation  k  «  osp^/ pi j  we  obtain 
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If  we  expand  a.  and  y.  in  terms  of  ji.k  /wpQ  we  hove  v.y  -  y?  0  and 
o.  =  Yj  "  /«)p  /Cli8  +  Uy  +  Mn") ^  C-  In  the  normal  fluid  case  [12]  we  have 
=  /w[»o/2n  where  ?i  is  the  shear  viscosity.  For  the  nematic  we  have 
as  one  may  expect  f?  -  Ao(j^/2ri2  where  1)2  is  the  shear  viscosity  in  the 
direction  of  the  director,  the  z  direction. 

Taking  the  time  average  of  ILq.  3  to  second  order  in  c  we  have 


where  the.  brocket ,  K.  ^ ,  denotes  the  time  average.  We  hove  omitted  terms 
whose  time  average  is  found  to  he  zero  and  have  again  assumed  k  *J<  u}p  /ii  j 
We  have  only  included  the  viscosity  coefficients  of  Leslie.  For  example 
products  of  the  director  gradients  wi th  velocity  gradients  arc  omitted 
from  the  viscosity  tensor.  For  first  order  such  terms  will  not  appear. 
However,  they  can  appear  in  second  order.  Nevertheless  since  each  term 
would  involve  an  n  j  and  hence  a  factor  of  e  p  only  the  boundary  region 
will  be  affected.  V/c  will  assume  f'di  >  >  1  where  h  is  the  thickness  of 
the  nematic  in  the  z  direction.  Therefore  in  calculating  the  light 
transmitted  through  the  nematic  wc.  find  the  omitted  terms  do  not  affect 
tire  answer. 

The.  director  equation  become.,  to  second  order  in  t.,  after  a  time 
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where  the  A.  are  viscoelastic  coefficients  and  k„_  is  t!ie  F rani;  bend 

i  33 

elastic  constant.  Using  the  previous  solutions  Ft) 1  s .  6  -  8  we  may  solve 
Fq's.  II  and  12.  Assuming  a  solid  immovable  plane  at  z  ~  0,  we  take: 
v^  =  v_^2  :T  0  at  z  -  0.  Assuming  the  nematic  is  sandwiched  between  two 
planes  the  second  at  z  -  h  from  symmetry  we  take  /oz  ~v  .  -  0  at 
z  =  h/2  .  For  horr.eotropic  alignment  we  Lake  n  ,,  =  0  at  z  0  and  from 
vertical  symmetry  we  take  -  0  at  z  -  h/2.  We  obtain  assuming  fUi  >>  1 


vxP$:  3"'A  fiin  <?V6~kV  3)1  o+  ?VinM»11)l  C,  -  -L  *  ) 
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The  bracketed  term  on  the  right  of  Fq.  13  would  also  contain  three  addi¬ 
tional  terms  involving  factors:  e  ,  cos  Bz  e  and  sin  Pz  e  ^'Z  each 
of  which  is  only  significant  near  the  boundary.  The  constant,  C  j ,  is 
the  sum  of  l tie  coefficients  of  the  first  two  of  the  three  omitted  terms. 
It  is  a  function  of  pj,,  p^,  p(J ,  p1(,,and  Pu.  However,  since  in  Fq.  12 
we  take  Ttv^/’dz  its  value  is  not  important  in  the  determination  of  n  ^ . 

We  find  v  ^  's  smaller  than  v^  by  the  factor  k/fl .  By  letting  p  --  0, 

i  \  9  and  p  -  2ri  Fc|.  13  reduces  (&]  to  the  normal  fluid  streaming 

M  1 

veloci ty 
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For  the  static  change  in  the  director  we  find 


v= 3kA?  r'in  _2'8(?,,r."V8+  3,v  7~  -  z~+  'tLy 

-----  -  .  ~  . .  6  2)  i  3»i 

UJ  k33  (“>  a'  v  91  1  ;i.r 


The  bracketed  term  on  t!ie  fight  ifi  Eg.  (Ui)  should  also  contain  five 

additional  terms.  Three  terms  involve  e  cos  3?.c-  and  sin  pee  ^ 

as  v;e  found  in  v  There  is  a  constant  term  arising  from  the  boundary 

condition  n  ^(0)  0  and  a  term  linear  in  z  arising  from  the.  hound-sty 

condition  ri  „(h/2)  =-  0.  In  the  bulk  these  last  two  terms  are  smaller 

x2 

than  other  included  terms  by  l/f’.ii.  Thetcforc  omitting  the  region  near 
z  ---  0  we  have  the  form  given  in  Eq.  l^t. 

ll:o  light  intensity  through  ciossr.d  polarizers  is  given  by  [10] 

1  =  Io  sin2  (2c;,)  sin2  (6/2)  (19) 

where  <J-  is  the  angle  between  the  polarization  of  the  incident  beam  and 
the  projection  of  the  optic  axis  of  the.  material,  fi  is  the  phase  diffciuue 
betwe  en  the  ordinary  ray  and  the  ext raordirun  y  ray: 

2 

^  2  ii  d  (n,;>  n,->)  s J _n '  0 


Here  d  is  the  thickness  of  the  material,  n  and  no  are  the  refractive 
indices  of  the  extraordinary  ray  and  ordinary  ray  respectively,  A  is 
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the  wavelength  of  light,  and  0  is  the  angle  between  the  optic  axis  of 
the  material  and  the  direction  of  light  propagation. 

Jn  our  case,  has  been  chosen  to  45°,  d  =  2h  because  we  detect  the 
light  reflected  by  the  mirror,  the  tilt  angle  of  the  liquid  crystal  mole¬ 
cule  0  varies  with  z  and 

sin  8  =  nxl  +  nx2  (16) 

From  Eq.  6,  we  see  that  n  j->-  0  for  $z  »  1.  That  is,  n^  is  zero 
in  the  bulk  of  the  liquid.  Also,  since  we  do  not  observe  any  ultrasound 
frequencies  from  the  reflected  light,  can  be  neglected.  We  take  the 
approximation 

2  h/2  2 

d  sin  0  ~4  /  n  0  dz  (17) 

o  x2 

and  again  assume  h£»l  to  obtain 


/  tt  ( n  -n  )h^A^sin^2kx 
)  e  ° 

V2lV  3V9+2kio+lJi.rV,8)' 

n 

*33  c2 

(-'I8+119^ll) 

j 

(28) 


For  the  piezoelectric  transducer,  A  is  proportional  to  the  excita¬ 
tion  voltage  V,  thus  we  obtain  the  reflected  light  intensity 

I  a  sin2  [Bv\l-cos(4kx))/2]  (19) 

where  B  is  a  constant.  At  the  center  of  the  lighted  area,  cos  (4kx)  =  -1 , 
hence 

I  a  sin2  (B\Z*)  (20) 

Eqs.  19  and  20  show  that  the  periodicity  of  I  in  the  x  direction  is 

4 

0.25  A  and  the  phase  difference  is  proportional  to  V  .  The  light  inten¬ 
sity  has  a  maximum  or  minimum  whenever 
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(21) 


4 


BV1*  =■  N  7i/2 

where  N  =  <5/77  =0,  1,  2,  ... 


4.  Discussion 

Our  theoretical  mode I  proposes  that  the  change  in  the  optical 
properties  of  the  liquid  crystal  is  the  result  of  acoustic  streaming. 
Experimental  evidence  supporting  this  model  are 

1.  A  series  of  lighted  lines  parallel  to  the  1 iquid-to-ai r 
boundaries  are  observed.  Ihose  lines  are  clearest  when  the  boundaries 
are  making  45°  angle  with  the  polarizer  and  the  analyzer.  Therefore, 
the  molecules  tilt  in  planes  perpendicular  to  the  boundaries  and  the 
glass  plates  as  we  assume  in  our  theory. 

2.  We  see  concentric  rings  of  lighted  lines  around  an  air  bubble 
with  circular  I iquid-to-a i r  boundary  which  shows  the  existence  of  waves 
reflecting  from  the  boundary. 

3.  These  lighted  lines  are  separated  by  distances  of  (0.2 9  +_  0.08)A 
compared  to  the  theoretical  value  of  0.25A. 

*♦.  The  reflected  light  from  the  liquid  crystal  is  not  modulated 

by  the  frequency  of  the  ultrasound  in  the  region  of  tunable  birefringence. 

Therefore,  the  observed  acous to-opti c  effect  is  not  due  to  the  first  order 

effect  which  is  shown  to  be  negligible  in  the  theory. 

5.  The  plot  of  reflected  light  intensity  versus  excitation  vol tage 

agrees  reasonably  well  with  the  theoretical  prediction  of  Eq.  20  (plotted 

as  a  broken  line!  up  to  excitation  voltage  -  40  V.  The  phase  difference 

obtained  from  Fig.  4  at  the  maxima  and  minima  of  the  light  intensity  is 

I4 

plotted  In  Fig.  5  against  V  .  It  shows  good  linear  dependence  of  V  in 
agreement  with  the  theory  up  to  N  =  <5/ti  ~  6.  Since  we  have  made  the 
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assumption  that  n<<  1  in  the  derivation  of  our  theory,  we  do  not  expect 
the  experimental  results  to  agiee  with  the  theory  for  large  values  of 
phase  difference. 

6.  The  first  peal;  in  the  trim::: iU  ted  intenru ty  curve,  Fit;.  ,  occurs 

for  an  applied  rms  voltage  of  2liv.  Men  urine  the  cKctrieid  pacer  to  the 

transducer  at  this  vo.lfape  and  trikjup  into  account  the  drupe  of  acoustic 

impedance  from  transducer  to  liquid  crys: l.al  pives  in  intensity  of  approx  im. 
2 

20  mwutl./cm  to  the  liquid  crystal  at  this  volt-ape.  We  may  compare  this 
experir.or. In! l.y  determined  acoustic  intensity  with  the  theoretical  value 
usin-s  Eq’s.  (15)  and  (lO)  with  6/2  equal  to  tt/2.  We  ussuue  a  stand-in’;  wave 
between  the  free  boundaries  which  a:  ■  separated  by  hX  where  >  caunl r.  the 

S  e;  ■* 

acoustic  wavelength  in  the  MBBA  and  take  the  acoustic  dumping  constant"1"' 

to  he  .01 /A  .  ’J’hc  result] up  Uicorct  J  cri'J  ly  required  iiitvnsi  ty  in  approx  imr.tc 
2 

10  muatl  /cm  ‘  in  order  of  magnitude  rrivcir  nl  with  the  above  value  and  much 
lower  than  previous  theoretical  values. 

I  n  contrast  with  other  models  , GJ  which  considered  the  an  isotropy 
of  the  visco-elastic  properties  of  the  nematic  liquid  crystal  to  be 
responsible  for  the  hydrodynamic  flows,  our  model  proposes  that  the 
rotation  of  the  liquid  crystal  molecules  is  due  to  acoustic  streaming 
which  occurs  for  any  viscous  liquid.  Instead  of  predicting  a  threshold 
of  instability,  our  theory  predicts  a  V  dependence  in  closer  ayreer  ..sit 
to  our  experimental  results.  fui then. ole,  other  models  assuming  no 
transverse  dependence  could  not  predict  any  variation  in  the  trausveisc 
directions  while  our  model  can  explain  the  patte.ru  of  parallel  lines  on 
the  1  i  qw  i  t!  crys  1  nl  cell. 
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Copt i ops 

1  Test  Cel! 

2  Block  ding  rain  of  t  he  system  for  plotting  reflected  light 
intensity  versus  excitation  voltage 

3a  Liquid  crystal  in  the  turbulent  region  showing  disinclination 
lines  and  wave- 1  ike  pattern  without  the  polarizer  (excitation 
voltage  -  1 20V  at  0.6(>9  MHz,  cell  thickness  -  70  vim) 

3b  The  liquid  crystal  cell  in  the  region  of  tunable  birefringence 
showing  a  series  of  white  lines  parallel  to  the  two  free 
boundaries  (excitation  voltage  -•  36V  at  0 . 66'-)  MHz,  cell 
thickness  ~  70  vim) 

3c  Concentric  rings  of  white  lines  surrounding  an  air  bubble 
(excitation  voltage  12V  at  O.tdv  KHz,  cell  thickness  - 
70  p  m) 

k  Plot  oi  relfected  light  intensity  through  crossed  polarizers 
versus  excitation  voltage  to  the  transducer  using  Hie  system 
of  Fig.  2  (frequency  -  0.669  KHz,  cell  thickness  «  70  vim, 
time  taken  to  plot  =  1  hour).  Eq.  7k  is  plotted  as  a  broken 
line  for  comparison 

l>  Plot  of  phase  difference  versus  (excitation  vol  tage)  1  using 
the  data  from  Fig. 
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fig.  3  ['.lock  diagram  of  the  system  for  plotting  reflected 
light  intensity  versus  excitation  voltage. 
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The  Acousto-Optic  Effect  For  a  Nematic  Liquid  Crystal  in 
the  Presence  of  an  Applied  Electric  Field 

By  C.F. Hayes 

Department  of  Physics  and  Astronomy 
University  of  Hawaii 
Honolulu,  Hawaii  96322 

A  homeotropically  aligned  nematic  liquid  crystal  cell, 
N-P-Methoxybenzyl idene-P-N-Butylaniline  (MBBA)  was  excited  by 
ultrasonic  bulk  waves  of  270  khz.  A  d.c.  electric  field  was 
simultaneously  applied  parallel  to  the  optic  axis  of  the  liquid 
crystal.  The  cell  was  observed  with  a  polarizing  microscope 
in  the  reflecting  mode.  Detection  of  the  transmitted  light  show's 
successive  maxima  and  minima  as  the  ultrasonic  intensity  increases. 
These  maxima  and  minima  occur  at  lower  acoustic  intensities 
as  the  electric  field  is  increased.  A  theory  is  proposed  based 
on  acoustic  streaming  in  the  presence  of  an  electric  field  to  explain 


these  results. 


I.  Introduction 


It  has  been  oyer  forty  years  since  Frederiks  and  Zolin^  observed 
the  acousto-optic  effect.  They  took  tuning  forks  from  f’00  to  600  l!z  and 
acoustically  excited  a  nematic.  The  cause  of  the  effect  was  attributed 
to  a  rotation  of  the  optic  axis  although  no  details  for  the  mechanism 
were  given.  In  the  last  eight  years  there  has  been  a  renewed  interest 
in  the  effect  with  a  number  of  quantitative  studies  perfoimed ^  Most  of 
the  experimental  reports  refer  to  a  threshold  of  acoustic  intensity 
required  before  the  effect  occurs .  The  first  two  theoretical  explanations 
for  the  effect  also  predict  such  a  threshold.  ’  In  1976  experimental 


results  were  presented  which  indicated  there  was  no  threshold  for  the 


effect.^  ^  Two  of  these  reports^’11  indicate  the  mechanism  responsible 


for  the  effect  is  acoustic  streaming,  although  the  formulation  in  each  case 
is  quite  different. 

In  this  paper  we  will  extend  one  of  these  formulations^*"*  to  include 
the  effects  of  an  applied  electric  field.  In  the  next  section  the  theory 
is  presented  which  shows  how  the  previously  derived  equations  need  to 
be  modified  for  inclusion  of  the  field.  Although  our  results  are  for  an 
electric  field  they  arc  equally  valid  for  a  magnetic  field  as  well.  In  the 
last  section  the  ivsuhi  of  experimental  evaluation  of  Section  li  ts  gfc- 


presented . 


t 
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II .  Theory 

In  our  sample  the  nematic  is  sandwiched  "between  two  glass  plates.  The 
lateral  edges  of  the  nematic  are  open  to  a  free  air  boundary.  As  the  ultrasonic 
wave  passes  from  one  glass  plate  to  the  nematic  to  the1 other  glass  plate 
it  produces  a  lateral  wave.  This  lateral  wave  must  be  produced  since  in 
the  nematic  there  is  an  ultrasonic  wave  and  hence  a  pressure  and  in  the 
adjacent  air  there  is  much  less  intensity  for  the  ultrasonic  wave  and  hence 
less  pressure.  The  difference  in  acoustic  intensity  is  the  result  of 
the  difference  in  acoustic  inpedence  change  for  the  wave  traveling  from 
glass  to  nematic  compared  with  from  glass  to  air.  The  difference  in 
pressure  in  these  laterally  adjacent  regions  oscillates  with  the  frequency 
of  the  applied  wave  causing  a  lateral  wave  which  reflects  back  and  forth 
from  free  edge  to  free  edge. 

13 

We  will  use  the  hydrodynamic  formulation  of  Stephen  to  describe 
the  subsequent  motion  of  the  nematic  including  the  director's  resulting 

orientation.  With  the  exception  of  the  electric  field  terms  our  equations 

10 

will  be  the  same  as  we  have  previously  reported.  To  first  order  we  have: 


X 


We  are  assuming  the  direction  to  be  perpendicular  to  th'*  glass 
boundaries  arid  the  lateral  wave  to  travel  along  the  x  axis.  The  equilibrium 
orientation  of  the  director'  we  have  taken  to  be  along  the  z  axis.  We  use  the 
subscript  1  to  refer-  to  variables  oscillating  with  the  frequency  of  the 
acoustic  wave,  and  the  subscript  2  to  refer  to  the  second  order  solutions 
for  the  variables.  Then  t  is  the  time;  the  density;  v  (the  fluid  speed; 

^  ,  the  i  th  Leslie  viscosity  and  c,  the  wave  speed.  We  omit  the  elastic 
and  elect  ric  field  term.:  fj  urn  Kq.  1  since  they  may  be  shown  to  !  :  mu]  I  .  Vakil:,", 

the  approximation  ^(>n/|l.we  obtain  the  following  solutions  to  Kq’s.  1  -  U  ; 


=  A  cos  kx 


|  e  °*2Z  [  o(  2  sin  (lot  -  ^  \  2  cos  (lot  -  ft  ?7.)] 
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-  e  1 
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(  _C/.  z  _Ot  7 

A  cos  kx  -  c  2  cos  (to t  -  V  ^z)  +  e  1  cos  (tot  -  ft^z.) 
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In  taking  the  hydrodynamic  equations  to  first  order  we  have  omi tied 
terms  involving  products  of  the  variables  which  are  oscillating  with  the 
frequency  of  the  imposed  acoustic  wave.  If  we  take  the  equations  to  second 
order  we  must  take  these  terras  into  account.  Since  the  variation  is  sinusoidal 
these  terms  involve  a  constant  term  plus  one  which  varies  with  twice  the 
acoustic  frequency.  We  will  be  interested  only  in  the  former  type  and  therefore 
take  a  time  average  of  our  equations  to  second  order  to  eliminate  terms 
having  twice  the  imposed  frequency.  Eq.  2  to  second  order  is  then: 


*  1  ^  ^  *  KW—  (  ^Vzi  )> 

52  q  7. 

4  <  1_  I  VtlU,i  v  'tr 7  | 

_  ^  V„  -  U  ^  lr t  ^ 

where  the  bracket,  {  represents  the  time  average. 

In  a  similar  manner  we  may  find  an  equation  for  the  director  neglecting 
those  terras  which  are  zero  in  the  nematic  bulk: 


Co 


o  =  ^33  ^  4-  £  „  E  o  * 

3  4-11 


We  are  here  assuming  that  the  nematic  is  a  perfect  insulator  ana  also 
omitting  any  piezoelectric  effects. 

We  assume  the  glass  boundaries  are  at  z  =  0  and  z  =  h  which  results 
in  the  boundary  conditions:  v^g  =  v^g  =  0  at  z  =  0  and  7)  v2x/  b  z  =  v^g  =  0 
at  z  =  h/2.  We  obtain: 


■^xa-  3  A  k  SWlA*  +  ?}  ■] 

1  U)  l  -  h  ^ 


For  the  director  we  assume  n^g  =  0  both  at  z  =  0  and  z  =  h.  We  obtain: 


^  *2.  ~  SM  S.tthlx)  (|A^  I  j;\M  t  J„)  f 

4  to  \<ri  (  -  |A^  f  |Aq  t  )  a1  k  1  ~ 


v  C  o  b  i  a  7  )  -  \.  r,  (  u\\)  i-  C.  S  C.  (  a  Y  5 , yv  (  a  1 ) 

where 

a:  ^t.,r  /  4>n  K^7 

,  -8  z 

There  are  .also  terms  in  Kq.  1  involving  e  which  we  have  omitt.'  l 

since  they  contribute  nothii  ,  to  the  equation  in  the  bulk  of  the  nematic. 
This  assumption  may  be  stated  as  V.,V/&  where  for  our  experiment  the 
ratio  of  these  quantities  is  of  the  order  of  10  to  1. 


( 
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If  light  is  now  passed  through  the  cample  in  a  direction  perpendicular 
to  the  glass  plates  the  intensity  of  the  light  which  is  transmitted  if  the 
sample  is  placed  between  crossed  polarizers  is 


I  ~  Ic  SiAa(?_(t))  $»Y^(  ^  /  2  )  (IS) 

where  ($>  is  the  angle  between  the  plane  formed  by  the  optic  axis  and  the 
direction  of  light  propagation  and  the  axis  of  polarization  and  %  is 
the  phase  difference  between  the  ordinary  ray  and  the  extraordinary  ray 

&  =  i-n  K  (.  si,?  e 

where  n  and  n  are  the  refractive  indicits  for  the  extraordinary  and 
e  o 

ordinary  rays  respectively,  0  is  the  angle  the  direction  of  light 
makes  with  the  optic  axis  and  \  is  the  wavelength  of  light.  Vie 

have 

=  fg,  vn,x 


(it) 


(IT) 


However,  since  is  zero  in  the  bulk  of  the  nematic  we  will  make 
the  approx. imat. ion  that 

K  o..fe  =  \  j  i  (i  t) 

b 

We  are  also  again  assuming  '/  ^ 


Combining  Kq's.  1.1  -  l8  we  find 


(I'll 
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+  +  "j1  ~n  s  51v\l'n  s) 

f  3  s  r««l'n  '-*1  cos  t  di  s)  -  a5.  i  s.o-1  (-it 


where  s  is  the  ratio  of  the  electric  field  applied  perpendicular  to 
the  class  plates  to  the  critical  value  of  electric  field  for  a  Frederiks 
transition: 

5  -  E  /  Cc 

At  a  lateral  position  where  2kx  =  we  would  expect  the  light 

?  ,  )|s 

intensity  to  vary  a::  S3n  (BFV  )  where  B  is  a  constant,  since  V  the 

voltage  applied  to  the  transducer,  is  proportional  to  A.  This  dej  fence 

10 

has  been  tested  experimentally  for  the  case  where  no  electric  field 
was  applied.  As  V  was  increased  a  series  of  maxima  and  minima  occurred 
Just  as  the  sin"(BFV  )  function  predicts.  However,  the  purpose  of  this 
present  study  is  to  examine  how  the  light  intensity  changes  with  electric 
field.  As  the  field  increase:,  so  does  F  thereby  moving  the  maxima  and 
minim  :  sc  they  occur  at  lower  values  of  V.  One  way  to  examine  the  field 
depon is  to  measure  the  shift,  in  the  maxima  and  minima  as  a  function 
of  el*  'trie  field.  However,  th>*  equations  involved  would  still  include 
several  unknown  constants.  One  way  of  eliminating  these  constants  is 
by  setting  V  and  hence  A  for  the*  first  maxima  for  no  applied  *ld  and 
measuring  the  intensity  a.. 


then 


the  electric  field  in  increased. 
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For  A  fixed  so  the  light  intensity  is  at  the  first  maximum  with  s  =  0 
we  have: 

T  ~  S'1"  [  i  « 3**  5 ,7  p  /  m5 1 

xo 

The  only  unknown  in  Eq.  22  is  s  the  ratio  of  applied  electric  field  to 
critical  electric  field.  This  equation  will  be  the  basis  for  comparison 
with  experimental  results. 


(27. 
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III.  Experiment 

The  sample  cells  were  made  of  a  thin  layer  of  H-P-Methoxbenzylidene- 
P-K-Butylan:iline  (MBBA)  sandwiched  between  either  a  conducting  glass  plute 
and  a  front  surface  mirror  or  two  glass  p-  ates .  The  experiment  was  performed 
at  room  temperature  ,  24°C.  The  plates  were  held  apart  by  two  thin  spacers 
making  the  MBBA  thickness  80  ^m.  The  cross  section  of  the  MBBA  was  circular 
in  shape  with  a  diameter  of  about  2  mm.  The  sample  being  studied  was 

disk  shaped  with  the  flat  sides  in  contact  with  the  glass  plates  and  the 
circular  edges  open  to  the  air. 

The  cell  was  mounted  with  vacuum  grc  se  to  a  piezoelectric  transducer 
oscillating  in  the  thickness  node  causing  a  continuous  compression  wave 
to  be  propagated  through  the  sample  having  a  frequency  of  270.9  kHz.  Tnerefore, 
the  acoustic  wavelength  in  the  MBBA  was  about  l.m,  a  value  much  larger 
than  the  thickness  of  the  MBBA  disk  .  M'he  value  of  wavelength  is  close  to 
the  value  for  a  standing  wave  laterally  across  tlu  MBBA  with  the  center 
of  the  disk  a  node  and  the  edges  antinodes.  It  would  be  worti.  iile  to  test 
the  theory  we  are  proposing  by  studying  the  effects  of  variation  of  the 
radixis  of  the  MBBA  disk.  We  have  not  as  yet  made  such  a  study.  The  pattern 
which  appears  in  the  microscope  when  the  cell  is  acoustically  excited 
is  a  dark  cross  centered  about  the  middle  of  the  sample  extending  to  the 
edges  with  an  orientation  parallel  to  that  of  the  polarizer  and  analyzer, 
loth  the  center  and  edges  of  the  sample  are  dark.  Between  them  is  a  ring 
of  light  which  appears  white  at  lower  transducer  voltage,  and  then  colored 
as  the  voltage  is  increased.  These  observations  are  in  keeping  with 
the  physical  model  presented  in  the  previous  section.  For  higher  frequencies 
more  complicated  patterns  tip: ear. 
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Since  the  effect  of  acoustic  excitation  which  we  arc  considering 
is  not  sensitive  to  impurities  the  MSBA  as  supplied  by  the  manufacturer 
was  used  without  further  purification.  A  thin  coating  of  lecithin  on 
the  inner  glass  surfaces  was  used  to  achieve  homeotropic  alignment.  The 
electric  field  was  maintained  across  the  sample  by  connecting  electrodes 
to  the  inner  conducting  surfaces  of  the  sample  cell. 

A  polarizing  microscope  in  the  reflecting  mode  held  the  sample  cell 
for  study.  The  white  light  source  of  the  microscope  was  used  with  a 
filter  to  allow  light  of  wavelength  0.63i  O.CA  pm  to  pass  through  the 
ssimple  to  the  bottom  plate  or  mirror  and  on  to  the  photomultiplier. 

to 

The  method  of  detection  is  described  in  more  detail  elsewhere.  A  x20 
objective  was  used  to  limit  the  field  of  view  to  a  small  region  (0.2  mm 
diameter),  thereby  giving  more  uniformity. 

The  procedure  was  to  increase  the  voltage  to  the  transducer  until 
the  first  maxima  in  light  intensity  was  reached  while  holding  the  applied 
electric  field  to  zero.  The  voltage  applied  to  the  transducer  for  this 
point  was  13.2  Volts.  Calling  the  light  intensity ,1 , for  this  point  1Q 
measurements  were  taken  for  I  as  a  function  of  applied  electric  field. 

The  results  are  shown  in  Fig.  1  where  the  solid  line  is  a  graph  of  Eq.  22. 
Within  the  accuracy  of  the  experiment  the  data  and  theory  agree. 

The  agreement,  .'strengthens;  the  validity  of  the  physical  model  we 
are  proposing.  However,  it  would  appear  that  as  far  as  practical  applications 
are  concerned  the  sensitivity  of  the  acousto-optic  effect  in  nematics 
can  not  be  greatly  increased  by  the  application  of  an  applied  field.  It 
should  be  noted  finally  that  whereas  we  have  been  concerned  with  an  electric 
field  Eq.  22  is  equally  valid  for  a  magnetic  field  where  s  =  H/\-\^with 
the  critic!  magnetic  field  for  a  Frederiks  transition. 
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ure  1.  A  graph  of  the  ratio  of  the  light  intensity  transmitted  through 
cell  with  and  without  applied  electric  field  while  the  cell  was 
ng  excited  acoustically  hy  rn  ultrasonic  wave  of  magnitude  equal  to 
t  required  for  the  first  light  intensity  maxima  in  the  absence  of  an 
etric  field  versus  the  ratio  of  the  applied  electric  field  to  the 
ctric  field  required  for  a  Frederiks  transition.  The  solid  line  is 


Equation  22. 
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I.  INTRODUCTION 


The  fact  that  acoustic  waves  could  give  optical  effects  in  nematic  liquid 

crystals  has  been  known  since  1936.  In  that  year  Fredericks  and  Zolin*  excited 

a  nematic  liquid  crystal  by  tuning  forks  of  200  to  600  Hz  while  making  optical 

2 

observations  with  crossed  polarizers.  It  was  not  until  1969  that  Fcrgason 
suggested  that  a  liquid  crystal  device  may  be  made  for  detecting  acoustic  in¬ 
tensity.  Since  1970  there  have  been  approximately  forty  research  articles  pub¬ 
lished  in  this  area.  However,  the  basic  mechanism  causing  the.  effect  was  not 

3 

understood  until  the  last  three  years.  Differential  acoustic  absorption, 
transverse  second-order  stress,^  cybotactic  groups,”*  the  piezoelectric  effect^ 
and  anisotropy  of  acoustic  speed  have  all  b  en  proposed  to  be  the  mechanism 
for  the  effect.  In  the  early  work,  both  c  perimental  and  theoretical,  a 

threshold  of  acoustic  intensity  was  reported  to  be  required.  In  1976,  three 

7  8  9 

groups:  Sripaipan,  Hayes,  Fang;  Candau,  Peters,  Nagni;  and  Dion,  DeForest; 

reported  that  there  is  in  fact  no  threshold  for  the  effect.  The  former  two 

groups  attributed  the  effect  to  acoustic  streaming.  Further,  whereas  all  of 

the  previous  work  had  required  some  special  property  of  a  liquid  crystal  for 

the  effect  acoustic  streaming  would  result  in  any  viscous  liquid.  It  is  simply 

that  acoustic  streaming,  or  any  flow  in  a  liquid  crystal  results  in  optical 

effects.  The  streaming  theory  has  been  extended  to  include  the  simultaneous 

effect  of  an  electric  field  by  llayes^  in  1978.  Again  the  streaming  model 

successfully  explained  the  experimental  results.  The  logical  result  of  the 

streaming  explanation  is  that  a  cell  to  visualize  an  ncoir.iJc  field  could  be 

made  by  separating  the  liquid  crystal  into  distinct  regions  to  confine  the 

11  1  ■' 

flow.  Nagni  and  Jizuka  ’  have  made  such  a  device.  However,  there  has  not 
been  a  direct  observation  of  the  flows  induced  in  these  cells  nor  quantitative 
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theoretical  work  performed  the  speech;  of  flc.w  or  the  flow  patterns  in 

the  cell.  It  is  the  p.onl  of  this  report  to  provide  direct  evidence  for  the 
flows.  In  Section  II  a  theory  is  presented  which  predicts  the  magnitude  of 
tiie  flow  speed  and  the.  form  of  the  flow  pattern  one  would  expect  in  a  vis¬ 
cous  fluid.  In  Sectic'ii  III  results  are  presented  for  observations  of  these 


fluid  flows. 
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II.  THEORY  OF  FLUID  MOTION 

A.  Non-viscous  Limit 

We  will  develop  equations  describing  tlie  motion  induced  in  a  disc  shaped 
liquid  bound  between  two  solids.  The  solid  surfaces  are  assumed  planar  with  an 
ultrasonic  wave  traveling  from  me  solid,  through  the  fluid  and  on  through  the 
second  solid.  We  will  take  the  cylindrical  boundary  of  the  disc  to  be  open  to 
a  gas  of  negligible  density.  Such  a  system  could  be  made  by  placing  a  drop  of 
water  between  two  glass  microscope  slides.  We  will  further  take  the  distance 
between  the  planes,  the  height  of  the  disc,  to  be  smaller  than  the  wavelength 
of  the  ultrasonic  wave .  The  oscillatory  motion  of  the  wave  will  produce  a 
static  flow  in  the  fluid,  acoustic,  streaming.  We  will  find  the  form  of  the 
resulting  flow  patterns  and  t  he  magnitude  of  the.  fluid  speed. 

In  order  to  understand  the  approximations  which  must  be  made  to  obtain 
a  tractable  solution  we  will  first  investigate  a  simpler  problem  where  vis¬ 
cosity  is  omitted  and  the  disc  is  assumed  of  infinite  height. 

Consider  a  column  of  non-viscous  fluid  with  equilibrium  density  pQ 
supported  by  a  piston.  See  Figure  1.  We  assume  the  piston-fluid  interface 
is  located  at  z  -  0  and  take  Liie  radius  of  the  fluid  to  he  R.  The  result  of 
the  piston's  velocity,  At:  1(‘ 1  ,  is  a  compression  wave  which  propagates  along 
the  cylindrical  axis  of  the  column,  the  positive  z  axis.  Because  of  the 
boundary  at  r  ■■  K  there  will  also  ho  ]al<  rally  induced  waves  as  well.  The 
equation  describing  the  pressure,  P,  in  the  column  in 


V?  I*  - 


1  3?P 

C'  <>t  > 


O) 


when  C  is  the  speed  of  the  wave  in  the  fluid.  At  r  -  It  we  must  have  F  ••  0. 
Th>-  solution  to  I.q.  1  satisfying  this  boundary  condition  is 
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P  =  >  A  J  (k  r) 
n  n  o  n 


r)  e1  k»  z  - 


l(»>t 


(2) 


where  J  (  )  is  the  Bessel  function  of  order  zero, 
o 


k2  -  %  -  k”2 
n  C2  n 


(3) 


and 


a  =  k  K  -  2.405,  5.520,  8.654,  11.792,  . 
n  n 


(4) 


where 


J  (a  )  =  0 

o  n 


n  =  0,  1,  2,  ... 


(5) 


The  partial  differential  equation  relating  the  pressure  to  v,  the 
fluid  velocity  is  given  by 


V  P 


(6) 


Ne  have  at  z  =  0  the  further  boundary  condition: 


v  -  A  e 

7. 


-riot 


(7) 


Combining  Kq's.  2,  6,  and  7  we  have 


p  to  A  -  Y.  A  k"  J  (k  r) 
O  n  n  no  n 


Operating  on  both  side:,  of  I’q.  8  with 


,vw  obtain 


(8) 


v  .  .  2(>u  m  A 

n  u„  k”  J,  (nn) 


(9) 


how  solving,  I.q.  6  for  v  and  taking,  i  K  we  find 


VK  ‘  n  K  k’ 


2  i  A  i  k"  z  -  i'nt 


n 


(10) 


From  Eq.  3  and  4  wu  sot-  the  value  of  R  may  be  adjusted  with  respect,  to 
A  to  give  k”  =  0.  This  condition  gives  a  resonance  and  may  occur  for  modes 
n  =  0,  1,  2,  ...  .  The  corresponding  values  of  R  are: 

R  =  .383  A,  .879  A,  1.38  A,  1.88  A,  .  .  .  (11) 

Figure  2  shows  the  amplitudes  of  v^/A  at  z  --  0  as  a  function  of  R/A  for  modes 
n  =  0  and  1. 

From  Eq.  3  we  see  if  K  ^  .383  A  then  will  be  imaginary  making  the  wave 

damp  out  in  the  7.  direction  as  seen  from  Eq.  2.  The  amount  of  damping  depends 
on  how  close  to  resonance  the  radius  is.  In  Figure  3  vgM  is  graphed  as 
a  function  of  E/A.  We  see  for  the  mode  0  the  damping  is  less  the  closer  R/A 
is  to  the  resonant  value.  We  also  see  that  the  mode  n  =  1  for  R/A  =  .38  damps 
out  more  quickly  than  mode  n  -  0  even  for  R/A  as  low  as  .22,  about  40 7.  lower 
than  the  resonant  condition  for  that  mode.  We  also  sec:  from  Figures  1  and  2 
that  although  the  disc  is  being  driven  by  a  piston  oscillating  in  the  z  direc¬ 
tion  the  major  motion  can  be  radial. 

From  F.q.  6  we  can  also  find  the  radial  velocity  as  a  function  of  r: 

2iAJ,  (Onr/R)  el(k*'  ,,-v 

r  "  J.  («„> 

From  Eq.  12  we  see  at  r  -  0  all  modes  arc-  zero.  For  the  n  =  0  mode  the  maximum 
velocity  occurs  at  about  1Y.  of  the  maximum  radius.  A  different  situation  would 
exist  for  an  infinite  strip  of  fluid  between  two  planes.  In  that  case  the 
Kef.se]  functions  would  be  replaced  by  sin's  and  cos's  and  the  maximum  speed 
would  occur  at  the  fluid  edge.  For  the-  u  -  1  mode  of  oscillation  the  fluid 

for  r  <  .  7R  is  cult  of  please  with  the  outer  section.  Again  the  maximum  speed 
for  this  mode  doer,  not  occur  at  the  edge  but  at  about  r  r  .  3r>R. 


r 
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B,  Viscous  Model 

With  the  aid  of  t he  royal  ts  wo  have  obtained  from  Section  ITA  we  nay 
now  proceed  with  a  model  closer  to  the  physical  system  under  study.  Rather 
than  an  infinite  column  for  the  fluid  we  will  assume  a  height  11  with  the  origin 
of  Figure  1  moved  along  the  z  axis  so  the  upper  and  lower  boundaries  occur  at 
z  -  H/2  and  -11/2  respectively.  Since  we  are  now  including  viscosity  we  will 
start  with  the  Navi er- Stokes  equation: 

Po  [ft  +  ^  '  V)v]  *  “c2  VP  +  r>V?  v  +  (C  +  3  n  )  V  (V  •  v)  (13) 


Since  we  are  assuming  the  hydrodynamic  variables  may  he  expanded  about  their 
equilibrium  values  we  will  for  now  drop  the  higher  order  effects.  Vie  will 
take  for  a  rectilinear  coordinate  system  in  component  form: 


■o  ?,r  “  XV  -  n +  <v-;) 


(lft) 


If  we  operate  on  Kq.  2  with  3/3 x.  and  sum  over  i  vte  have 


3V  *_v 
V)  3t 


c?  v?  p  +  n  v'  v  •  v  +  (c  +  --  n)  v'  (V  •  v) 


(15) 


The  hydrodynamic  variables  must  also  obey  the  continuity  equation: 


j?P 

at 


+  V  •  (p  V  )  =  0 


(16) 


where  again  to  first  order  we  have 


h’  i  P  V  *  v  -  0 
3t  o 


(17) 


iwt 


Combining  T'.q's.  15  and  17  and  assuming  a  time  dependence  e  we  linv 


A  V?p  «  p 
o 


(J8> 


whore 


A 

o 


i(r  +  yi)  _ 

"G'Py  '  '  <i)? 
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The  solution  to  Eq.  18  is 


[AlnJo  0<nr)  el"Z+  A2n.TQ  (k^)  e“kn/J  e1,ot 


where  we  have  dropped  the  i  from  in  front  of  the  factor  since  we  will  assume 
R  <  >383  A  and  from  Section  IA  we  know  for  that  case  the  z  dependence  is  real. 
U’e  also  have  analogous  to  Eq.  3 

k2=k"2-i  (21) 

*'o 

In  order  to  simplify  the  solution  of  the  Navier-SLokes  equation  we  define  two 


new  functions  according  to 


Now  we  have 


v  =  ?A  + 

r  3r  3z 


3<J)  13,,, 

v  =  - - v  -  (r\J>) 

z  3z  r  3r 


V  *  v  =  V7  <j>  ; 


so  from  Eq’s.  17  and  18  we  find  <(•  may  be  related  to  p: 


A  =  _  *Mo.P 
Po 


The  z  component  of  Eq.  13  to  fir^t  order  is 


dv 7  o  dp  ,  r,2 

Po  -*?■  «  ~c  +  n  V  Vz  + 


Using  Eq's.  17,  18,  19,  and  22  we  obtain 


V?  (,  =  (, 

3t‘>  Pv 


where* 


S  r;  i  at 


Taking 


n  'n  r) 
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-  F  I  A  JG  (k 
n  [_  3n  °  n 


the  solution  of  F.q.  27  we  take  to  be 

€ 

Froai  Eq.  28  then 

i  \  knz 

k  r)  e  n 


.  k’,z  ,  ,  ,  . ,  »  -k,\  z  i(nt 

*nr)  ‘  +  A-n  Jo  <knr>  °  J  t; 


(29) 


iA,„ j.  +'\„jt,<v)[-‘k,’z]ci“t/kn 


>:  / 
n 


(30) 


Eq's.  20,  25  and  30  may  be  used  with  Kq’s.  22  and  23  respectively  to  obtain 


7  =  y  P-'-aho.  [  A  ck;'z  +  A  e_k”|Zl 

/r  n  v  p0  LAtnc  +  A*nc  J 


(31) 


+  [a  ek«*  -  A  e-1' 
k  1  3n  4n 

n  u 


k“z]j J  i  (knr)£:iwt; 


and 


v  =  T.  T  A  _  A  c_kn2j 

i.  n  ^  p0  L  in  2  n  J 

[Aw<-'t,,,''  +  A,ne't”']} 


(32) 


Assuming  a  no-slip  condition  at  z  +H/2  we  must  have  =  0  there.  For  the 
experiment  we  have  performed  H/ A  -  .033.  From  Figure  3  we  see  the.  amount  of 
damping  which  lias  occurred  as  the  wave  traverses  the  vortical  distance  11  of 
the  disc.  We  will  therefore  take  as  an  acceptable  although  not  excellent 
approximation  that  v  -  Ac*  1U>t  at  z  -  +H/2.  For  these  boundary  condition:*, 


we  find 

A ,  =  -A 

in 


“2fio  k|\  A 

/n  *  mi;;' -THi) 


(33) 


A2n  A,-n 


a  .?,(*  )  (2k’ 
n  •  n  n 


2  k7  HA 

’  -  k  7  H  )  e^1'11^ 


(34) 
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For  the  case  under  study  k'  >>  k2H  and  k"H  <<  1.  If  we  assume  we  are  near  the 

n  n  n 

mode  0  resonance  condition  from  Figures  2  and  3  we  see  we  may  drop  the  higher 
modes.  Under  these  approximations  we  have 


v  =  — Ako - 

r  aoJ«xo) 


~2z  +  TtJti  ^koZ~e  k°z)  J,(kor)e 


iwt 


(35) 


„  _  2  A J0(k0r)e 

vz  a  J  (a  ) 
o  1  o 


iojt 
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From  Eq.  28  we  see  that  k^  is  complex.  For  what  actually  occurs  is  a 
cos  (ot  rather  than  the  exponential.  For  the  radial  component: 


Akr 


vr  a  J  (a  ) 

o  i  o 


-  2z  + 


»[ 


Rcko  (z-H/ 2) 


cos  [Imk  (z-II/2)  +  tot] 


-Reko(z  +  H/2) 

-e  cos  [Imk  (z  +  H/2)  +  tot] 

o 


>]}  x  (kor) 


By  setting  r  -  R  in  the  real,  form  of  v  we  may  obtain  a  value  of  the  radial 
amplitude  of  oscillation  compared  with  that  of  the  piston.  For  our  sample 
we  have  H  =  .032  cm.  Re  k'  =  Im  k'  =  1112/cm  and  at  resonance  R  =  .22  cm.  The 
resulting  ratio  of  radial  velocity  to  maximum  piston  velocity  (which  equals 
also  the  ratio  of  radial  distance  amplitude  to  vertical  piston  distance  ampli¬ 
tude)  is  plotted  as  a  function  of  z  in  Figure  4.  The  resulting  maximum  ratio 
shows  for  our  case  the  radial  motion  has  an  amplitude  less  than  20%  that  of 
for  the  piston.  Therefore,  the  infinite  ratio  for  mode  0  shown  in  Figure  2 
turns  out  to  be  of  the  order  of  .1  when  viscous  effects  are  considered.  Also 
in  Figure  4  a  diagram  is  shown  which  depicts  the  deformation  of  the  disc  cross 
section.  As  the  planes  move  upward  the  fluid  bulge;:  out  at  the  hot  tom  and  in 
at  the  top.  As  the  plane:;  then  move  downward  the  opposite  occurs. 
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Let  us  now  return  to  Eq.  13  and  examine  the  term  v.v.  omitted.  In  light  of 
the  solutions,  Eq's.  35  and  36,  we  see  that  each  term  of  Eq.  3  3  oscillates 
sinusoidally  in  time.  Although  in  Eq's.  35  and  36  we  have  used  the  complex 

exponential  form,  since  the  velocity  is  real  the  term  we  earlier  omitted  from 

•>  -►  2  2 
Kq.  13,  v  •  Vv,  will  have  a  factor  of  cos  0)t .  Since  cos'  tut  55  (1  +  cos  2f:it) /2 

if  the  time  average  of  the  omitted  Lem;  is  taken  a  non-zero  static  value  re¬ 
sults.  Therefore,  the  time  average  of  the  other  terms  in  the  equation  must 
also  give  non-zero  static  values.  Since;  these  other  terms  involve  only  the 
hydrodynamic  variables  to  the  first  power  we  conclude  a  static  value  must  he 
added  to  the  values  we  obtained  in  Eq's.  35  and  36.  This  static  flow  is  called 
acoustic  streaming.  We  will  denote  the  static  addition  to  the  variables  with 
a  subscript  2  signifying  the  second  order  solut  ion:  v^2,  P2  >  v ?2‘  ^ie  t^nie 
average  of  Eq .  13  to  second  order  is 

p  <v  •  Vvr>  =  -c2  !£*•  +  nV!  v2r  +  (C+-|n)f~  (V  •  v2)  (37) 

p  <v  •  Vvz>  =  -c2  ~~  +  i)V2v2z  +  (C  +  |n)  |z-  (V  •  v2)  (38) 

where  the  brackets  denote  a  time  average  and  merely  involve  replacing  the 

2 

cos  tot  factor  v/ith  1/2.  If  we  operate  on  Eq's.  37  and  38  by  9/9x  and  9/dr, 


respectively,  subtracting  the  results  we  obtain 

P  (V  .  Vvr)  -  -3-r  (v  •  7vz)>  -  n  [l  v? 


9  y.S 
V2r"  9r  V  ' 


Ac, a  in  invoking,  the  approximations  used  t  o  obtain  Eq's.  35  and  36  along  with 
1.'H>>1  we  find  we  may  identify  V'*  with  ')l,/9z1'  and  obtain  with  the  help  of 


Eq's.  22  and  23 


p  A?  kfJ,  Ji(knr)  >  9  J i  (knr) 

2n  :t'  J  (a  )  9(k  r) 

o  i  o  o 


A  (R  k 1 y 
c  o 
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where 


a  =  Re  k/  (x  -  H/2) 


b  =  Re  k'  (x,  +  11/2) 
o 


(41) 
(A  2) 


and  where  we  have  again  taken  the  real,  part  assuming  Re  k'  =  Ini  k'  an  we  find 

o  o 

to  be  approximately  true  for  our  systems.  The  contribution  from  <J>  can  be 

2 

shown  to  be  small  so  that  Erj's.  22  and  23  become 


2z 


v2r  - 

1  3  ,  ,  , 

•  r  3r  <•♦,> 


(43) 


Tlie  values  of  the  (E's  nay  be  found  using  the  boundary  conditions  that  both 

v„  and  v,.  equal  zero  at  ■/.  -  +  H/2.  Finally  we  obtain  the  second  order 
2r  2z  — 

contributions  to  the  velocity: 

P 


2r 


A?  H  J,(knr)  .  3_Ji(k„r)  j  _z__  f 
n  a*  J?(ao)  9(kor)  |  2 (Re  k^  [ 
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2 (Re  k^)3  H?  8 (Re  k^) 3 
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v  = _ 1.3.  (r  ,  (kr)  i.MKo.r)\ 

2z  2t)  cS  J?(a  )  r  hr  V  i  o  3  (k  r)  } 

O  1  o  '  o  / 


4  (Re 


y3  |  <-n  (cos  a  -  sin  a)  +  e  ^  (cos  b  -1-  sin  b)J 


3x. 


8  (Re  k')3  2  (Re  k')3  11? 
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(43) 


t  44  and  43  will  be  the  basis  of  a  comparison  with  the  experimental  result 


Ii.iVi  oh!  a  i  lied  . 
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111.  expekimi:nt 

A  barium  titanate  crystal  was  used  to  produce  the  ultrasonic,  wave  (cw) 
in  the  sample  under  study.  The  wave  was  transmitted  from  the  crystal  through 
che  conducting  glass  electrode  immediately  above  the  crystal,  through  vacuum 
grease  which  was  used  to  mount  the  sample  holder,  through  the  bottom  glass 
si  ide,  through  the  sample  fluid  di.se,  and  on  through  the  upper  glass  slide. 
Various  fluids  were  used:  water,  a  cholesteric  liquid  crystal,  a  nematic  li¬ 
quid  crystal  and  a  transparent  vegetable  oil.  The  oil's  viscosity  is  closer 
to  the  nematic  whose  motion  we  will  ultimately  consider.  Therefore,  measure¬ 
ments  reported  here  concern  the  velocity  induced  in  the  oil.  To  measure  the 
magnitude  of  the  flow  in  the  disc  the  oil  was  doped  with  a  hydrocarbon  base 
ferrofluid  (0.1%  concentration).  Aggregates  of  magnetite  can  then 
be  seen  in  the  oil  by  means  of  a  polarizing  microscope.  By  measuring  the 
speed  of  these,  particles  the  speed  of  the  oil  may  be  determined.  The  parti¬ 
cles  were  of  the  ordtv.'  of  one  micron  in  diameter .  The  thickness  of  the.  disc 
was  .032  cm  so  the  particle  size  was  small  compared  to  the  distance  over  which 
the  speed  of  the  fluid  changed  appreciably.  The  diamter  of  the  disc  was  from 
one  to  four  mm,  small  compared  to  the  12,7  mm  diameter  of  the.  barium  titannte 
crystal.  The  microscope  was  calibrated  so  the  vertical  position  of  the  par¬ 
ticle  whose  speed  was  being  measured  could  be  determined  when  the  microscope 
was  focused  on  that  particle.  A  sealed  container  was  also  used  so  that  the 
ultrasonic  wave  would  first  travel  through  one  cm  of  water  before  reaching 
the  fluid  disc.  Using,  a  capillary  viscometer  the  ratio  of  viscosity  to  den- 
sity  of  the  oil  was  determined,  ri/p  =  0.6b  +  0.03  cnw/scc.  From  F.q.  28  we 
see  can  now  be  determined  if  we  know  the  frequency  and  wave  speed.  We 

take  c  -  1.46  x  10 J  cm /sec  and  f  ~  .26  MHz.  We  find  the  real  part  of  k 

o 

small  so  k'  =  1112  (1  f  i)/cm. 
o 


ft? 


From  Kq.  44  we  si;o  that  the  radial  flow  goes  to  zero  at  r  =  0  due  to  the 

J^(k  r)  factor.  It  bocomcs  larger  for  larger  values  of  r  and  then  goes  to  zero 

near  the  edge  r  R  due  to  the  derivat  ive  of  J,  (k  r) .  The  value  of  v„  on  the 

1  o  2z 

other  hand  is  larger  at  r  -  0  and  decreases  as  r  is  increased  and  finally  is 
larger  but  with  a  different  sign  near  r  =  R.  A  diagram  of  the  flows  our  equa¬ 
tions  predict  is  shown  in  Figure  5.  The  upper  diagram,  T,  depicts  the  flow 
pattern  although  actually  II  is  much  smaller  with  respect  to  R  than  we  have 
drawn.  The  lower  pattern  is  noL  what  we  predict  from  our  equations  but  the 
flow  patterns  that  would  pertain  if  the  models  proposed  by  other  authors  were 
applicable.  II  the  fluid  is  observed  at  r  -  R/2  as  one:  focuses  from  the  top 
to  the  bottom  the  particles  can  be  seen  to  flow  toward  the  center  near  the. 
top,  toward  the  edge  near  the  middle  and  toward  the  center  near  the  bottom,  in 
accordance  with  the  pattern  I  which  our  equations  predict.  A  more  quantitative 
comparison  is  presented  in  Figure  6.  The  graph  shows  the  fluid  speed  in  the 
radial  direction  (toward  the  center  is  taken  os  positive)  as  a  function  of  x. 

For  the  data  shown  R/A  =  .21  and  the  frequency  was  .26  MHz.  The  taller  (labeled 
I)  peaked  curve  in  Figure  6  is  the  best  fit  of  the  qunntiLy  in  brackets  in 
F,q.  44  using  our  experimentally  determined  value  for  k'  .  Since  everything  in 
the  brackets  is  determined  a  best  fit  was  made  of  the  data  to  a  constant  times 
the  bracket.  The  cons  taut  .so  determined  was  (13  +  1)  x  30  cm  scc./mi  cron  and 
X  =  2.3.  The  smaller  peaked  curve  (labeled  IT.)  in  Figure  6  is  a  best  fit 

where  both  k ' ^  and  the  constant  are  to  he  found.  Their  values  are  respectively 

9  3  o 

470  +  10/cm  and  2.0  +  o.l  x  10  cm'  sec/micron  with  X'  -  0.3.  The  Inter  value 
of  k1  appears  unacceptable  in  light  of  the  small  error  on  viscosity  and  the 
better  fit.  we  take  to  be  fortuitous.  It  is  noteworthy  that  the  fit  is  so  good 
since  for  the  data  plotted  R/A  is  about,  half  of  the  resonant  value  for  which 
Eq .  44  was  derived.  Notice  the  peak  near  the  top  of  the  disc,  the  one  on  the 


ft* 


right  in  l-'igt trc*  6,  is  slir.htly  less  tli.ui  the  one  on  the  lefL.  The  reason  for 
the  difference  has  to  do  with  our  assumpt  ion  that  At3  *'*  both  at  the  top 

and  bottom  of  the  disc.  Making  the  boundary  condition  that:  =  0  at  the  t op 

decreases  the  top  peak  to  about  20%  of  the  bottom  peak.  Tlte  data  r.ecins  to  be 
in  between  these  two  extremes  and  it  would  appear  we  have  taken  the  better 
approximation  in  allowing  the  upper  boundary  to  move.  Data  wan  taken  for  R / A 
equal  to  .21,  .29,  .30,  .36,  .39,  and  .49.  All  of  the  radial  velocity  pro¬ 
files  have  the  name  basic  pattern  as  those  data  shown  in  Figure  6. 

Frequencies  of  .26,  .77,  .68,  and  1.07  MHz  were  used  both  for  direct  con¬ 
tact  of  the  sample  holder  with  the  barium  titnnate  crystal  and  with  the  crystal 
in  a  cell  so  that  the  wave  was  propagated  through  about  one'  cm  of  water  before 
reaching  the  sample.  All  of  the  flow  patterns  observed  in  the  microscope  using 
the  water  cell  were,  radial.  For  the  direct  contact  case  for  certain  frequen¬ 
cies  and  locations  on  the  crystal  it  was  possible  to  induce  patterns  of  either 
two  or  four  rather  circular  flow  patterns.  The  discs  became  slightly  distorted 
from  circular  to  ellipsoidal  in  shape  for  these  non-rad ia l  patterns.  These 
patterns  are  assumed  due  to  non-uniform  oscillation  of  the  crystal.  For  these 
cases  the.  pressure  in  Fq.  1  must  be  assumed  to  be  a  function  of  angle.  The 

solution;;  are  similar  to  the  well  studied  oscillating  drumhead. 

2 

The  radial  velocity  in  F.q.  44  is  proportional  to  A",  the  square  of  the 
piston  velocity  amplitude.  Hut  this  amplitude  should  he  proportional  to  t ho 
voltage  applied  to  the  barium  titanate  crystal.  In  Figure  7  therefore  we  have 
plotted  the  radial  velocity  measured  at  a  fixed  r  and  z  as  a  function  of  vol¬ 
tage.  The  solid  line:  is  a  fit  to  a  voltage  square  curve. 
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Figure  2 


Graph  for  the  ratio  of  radial  speed  amplitude  to  piston 
speed  amplitude  versus  the  ratio  of  cylindrical  radius 


to  acoustic  wavelength. 
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Figure  3.  Graph  of  velocity  ratio  versus  z/\.  The  velocity  ratio 
is  the  ratio  of  radial  speed  amplitude  to  piston  speed 
amplitude. 


Figure  *».  Velocity  ratio  (radial  to  piston's)  versus  distance 
along  the  z  axis.  The  model  assumes  no-slip  at  the 
boundaries  and  incorporates  viscosity. 


Figure  5.  Flow  patterns  in  the  disc  due  to  acoustic  streaming. 

The  upper  diagram,  I,  is  the  pattern  predicted  from 
our  second  order  solutions.  The  lower  pattern,  II, 
is  that  assumed  in  other  theories. 
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Figure  6.  Velocity  of  fluid  due  to  acoustic  streaming  versus 
distance  through  the  disc  at  r  =  R/2.  Curve  I  is 
a  best  fit  to  the  data  using  our  measured  value  of  k'o. 
Curve  II  is  a  best  fit  allowing  k'  to  be  determined 


by  the  fitting  process  itself. 


Figure  7.  Velocity  of  the  fluid  due  to  acoustic  streaming  versus 
voltage  applied  to  the  transducer.  The  solid  line  is 
a  best  fit  to  a  voltage  square  dependence. 
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The  Mathematical  Description  of  a  Nematic  Liquid  Crystal  in  an 
Acoustic  Field 

W.  G.  Laidlaw 

Physics  Department,  University  of  Hawaii,  Honolulu,  Hawaii 


I .  INTRODUCTION 

The  recent  literature  attests  to  a  growing  interest  in  acousti¬ 
cally  induced  structures  in  liquid  crystals^^.  The  resulting 

optical  effects  are  of  potential  use  in  display  devices  -  for  example 

(  2  ) 

as  acoustic  cameras  .  Theoretical  explanations  have,  until  re¬ 
cently,  been  at  odds  with  a  number  of  experimental  observations. 

Early  attempts^  ’  attributed  the  sudden  appearance  of  the  "new" 
optical  character  for  the  system  (see  fig.  1)  to  the  occurrence 
of  an  instability  in  the  steady  state  regime  generated  by  the 
imposed  acoustic  field.  Unfortunately,  the  acoustic  power, 

which  these  models  predicted  would  bring  about  an  instability,  was 
as  much  as  two  orders  of  magnitude  greater  than  the  power  which 
experiment  showed  would  generate  the  new  optical  pattern^"*  •  More 
recently,  experimental  results  have  been  explained  satisfactorily ^ ^  in 
terms  of  the  gradual  build  up  of  an  acoustic  streaming  pattern,  (see  fig.  ?.) 
In  this  explanation  the  sudden  appearance  of  the  optical  pattern  is 
simply  a  function  of  the  complicated  dependence  of  the  optical  effect 
on  the  acoustic  streaming.  This  is  illustrated  in  figure  1.  One 
should  emphasize  that  the  acoustic  streaming  pattern  invoked  in  this 
explanat  ion  eventually  becomes  unstable  for,  at  sufficiently  high 
input  power,.!  turbulent  flow  pattern  obtains  with  a  concomitant 


sudden  change  in  optical  pattern. 


This  manuscript  presents  a  rather  simple  analysis  of  the 
mathematical  models  which  have  been  employed.  Our  hope  is  that 
of  establishing  the  relation  between  them. 

II.  MATHEMATICAL  MODEL  (i)  The  Dynamic  Equations 

We  undertake  a  description  of  the  liquid  crystal  acoustic  field 
system  on  a  hydrodynamic  scale.  For  this  purpose  we  shall  utilize 
the  hydrodynamic  equations  expressing  conservation  of  mass,  conser¬ 
vation  of  energy  and  conservation  of  linear  momentum.  One  must  also 
introduce  equations  to  describe  any  additional  hydrodynamic  scale 
variables,  for  example,  the  director  variables  which  characterize 
the  liquid  crystal.  For  this  latter  purpose  one  commonly  introduces 
the  "Oseen  equation"  in  the  fashion  of  Leslie^  and  Eriksen^^. 
Alternatively  one  may  employ  the  "Broken  Symmetry  equations"  as 
developed  by  Martin  et  al.^^  and  Forster^11^,  or  one  may  utilize 
the  "torque  model"  of  deGenues  and  collaborators''  '.  The  advantage 
of  the  Leslie-Eriksen  equations  is  that  they  purport  to  treat  the 

dynamics  far  from  an  equilibrium  state  and  their  equat ions, correct 

(1  3) 

to  second  order, are  readily  available  and  have  been  utilized  by 
(14) 

several  authors  .  For  rather  compelling  rcasions,  discussed  by 
Martin  et  al.,  there  is  a  firmer  theoretical  basis  for  the  "Broken 
Symmetry"  approach.  Unfortunately,  the  present  literature  contains 
the  broken  symmetry  equations  only  in  their  linearized  form  although 
in  principal^  \  they  could  also  be  written  out  in  a  non] inear i zed 
form  [For  example  see  reference  (16)  where  they  have  been  obtained 
for  a  nematic  liquid  crystal.]  Certainly  the  elegant  conceptual, 
frame  work  of  the  Martin  and  Forster  approach  ( e . g . , 


reactive  fluxes 
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dissipative  fluxes  etc.)  is  well  worth  utilizing  (see  reference  (i£>) 
where  they  have  been  employed). 

In  any  case  the  equations  governing  the  dynamics  of  a  nematic 
liquid  crystal  are  a  set  of  seven  equations  [from  conservation  of 
mass(l),  linear  momentum  (3),  energy  (1)  and  the  broken  symmetry 
equations  of  the  director  (2)].  In  terms  of  a  complete  set,  (x) , 
of  hydrodynamic  scale  variables  Ct^(r,t)  they  may  be  written  formally  as 

i,=l->7  ;  ~  a.  +  G({a.})  +  H({a.a.})  +  —  =0  (1) 

ot  X  1  1  j 

A 

Here  G  is  a  linear  operator  in  which  any  member  of  the  set  of 

A 

appears  only  linearily,  H  is  a  linear  operator  in  which  members  of 
{a^}  appear  in  a  bilinear  or  quadratic  form.  We  shall  give,  further 
specifics  of  G  and  H  as  the  need  arises.  It  seems  worthwhile 
to  first  discuss  the  method  of  the  solution  of  eq.  (1). 

(ii)  The  Reference  State 

Because  of  their  complexity  the  solutions  of  the  set  of  eqs.  in 
(1.)  is  frequently  carried  out  in  terms  of  a  reference  state.  The 
reference  state,  is  normally  some  readily  obtained  solution  of  eq. 

(1)  for  example  the  equilibrium  state  or  some  other  appropriate 
"steady  state"  solution.  Unfortunately,  solutions  of  eq.  (1)  which 
would  serve  as  appropriate  reference  states  are  sometimes  not  readily 
available!  As  we  shall  see  this  is  certainly  the  case  for  the  system 
under  discussion.  We  introduce  a  reference  state  by  writing,  for  all  i 

«.  =  «.r  +  6ci. 

ii  l 

where  the  superscript  r  denotes  the  known  expression  for  the  variable 
Cl.  in  the  reference  state.  The  displacement  6a.  is  sometimes 

1  j 


wr i t  t  on 
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as  a  "power  series" giving,  for  eq.  (2) 


a ,  -  a®  +  «.<!>  +a.(2)  +  ... 

1  i  i  i 


The  precise  way  in  which  eqs.  (2)  and  (3)  are  chosen  and  utilized 
in  the  nematodynamic  equations  has  a  strong  influence  on  the  theore¬ 
tical  conclusions.  Hence  some  simple  applications  would  seem  worth¬ 
while  at  this  point.  For  purposes  of  discussion  imagine  Ctj  to  be 
completely  decoupled  from  the  other  hydrodynamic  variables.  We  than 
take  on  to  be  given  by 


0 

■§£  “1  +  al°l  +  Ai«i2  =  o' 


(4) 


We  introduce  a  ar,  a  solution  of  this  equation  with  some  specified 
boundary  conditions.  Substitution  of  eq.  (2)  into  eq.  (4)  yields 

ficti  +  (aj  +  2A1ct1r)  <$cti  +  ACcSctj)2  =  0  (5) 


If  A60j  can  be  taken  to  be  small  relative  to  the  linear  coefficient 
then  we  can  neglect  the  last  term  to  obtain  the  "linearized"  and 
homogeneous  equation 

~  6a i  +  TjSaj  «  0,  -  a,  +  2A1a1r  (6) 

The  quantity  I’j  displays  the  nonlinear  heritage  of  this  equation 

through  2Aiai*  However,  if  the  reference  state  is  chosen  such  that 

x  r 

otl  is  zero  then  2Au[  -  0  and  the  linearized  equation  carries  no 
information  about  the  nonlinearity  of  the  original  equation.  If 

I* 

on  the  other  hand  a\  is  non  zero  this  information  is  retained  and 
solutions  of  the  linearized  form  (eq.  (6))  can  reflect  the  nonlinear 


103 


character  of  the  original  equation.  Indeed  it  is  just  this  feature 
which  allows  linear  stability  theory  to  probe  the  solutions  of  non 
linear  equations  ^  .A  particularly  simple  illustration  is  the  use 
of  a  steady  state  solution  of  eq.  (4)  namely  Ctj  -  -aj/A.  This 
gives  Tj  •-  -a  so  tliat  the  solution  of  eq.  (6)  is 

6«i(t)  =  6a! (0)  eat  (7) 

The  implication  of  equation  (7)  for  aj  >  0  is  that  grows 
exponentially  with  time  so  that  Ctj  rapidly  deviates  from  the 
reference  description.  One  concludes  that  this  reference  solu¬ 
tion  of  eq.  (4)  is  absolutely  unstable.  More  interesting  in¬ 
stabilities  would  arise  if  dj  were  coupled  to  other  variables 
and  one  shall  have  occasion  to  treat  this  in  detail  in  a  subse¬ 
quent  communication. 

Turning  now  to  the  power  series  solution  wc  substitute,  cq.  (3) 
into  eq.  (4)  and  obtain  the  zero  first  and  second  order  equations 
as 

a/at  a‘<0)  +  aiai<0)  +  ACa^V  =  0  (8) 

3/3t  ai0)  +  (0l  -(  2A<t(0))a1(n  -  0  (9) 

3/3t  at(2)  H  (n |  +  2A(xf0))ap)  1-  A(a[]))?  «=  0  (10) 


An  essential  step  in  obtaining  these  equations  is  the  assertion  that 
(m)  (n)  . 

a  a  is  of  order  m  +  n.  Ihe  homogenous  part  of  the  second  order 
equal  ion  is  the  same  as  that  of  the  first  ordei  equal  ion.  Indeed  if 
the  reference  state  is  such  tliat  is  zero  then,  in  these  homo¬ 


geneous  parts,  all  information  about  the  nonlinearity  of  t  lie  original 


Ji 
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equation  is  lost.  As  we  shall  see  this  is  indeed  the  case  for  the 
analyses  of  acoustic  streaming  which  select  the  equilibrium  state 
i.e. ,  no  sound  field  =  0)  as  the  reference  solution  and  treat 

the  steady  sound  field  as  first  order  and  acoustic  streaming  as  part 
of  the  second  order  contribution^^ ^ .  Theoretical  analyses  carried 
out  in  this  fashion  (Hayes  ^  \  Candau^^)  would  not  even  suggest  an 
instability  as  arising  from  the  homogeneous  part  of  either  the  first 
or  second  order  equations. 

The  set  of  nematodynamic  equations  are,  of  course,  more  compli¬ 
cated  than  this  simple  example.  However,  this  should  serve  to  illus¬ 
trate  the  role  of  the  nonlinearity  and  the  reference  state  in  both 
the  linearized  equation  and  in  the  first  and  second  order  equations 
of  the  power  series  approach. 

(iii)  Reference  Descriptions 

Even  J.f-  one  were  not  interested  in  instabilities  it  is  clearly 
of  some  importance  to  select  a  reference  solution  with  some  case. 

I* 

Certainly  solutions  with  all  relevant  Ct.  -  0  emasculate  the  linearized  form  . 

1 

Because  of  this  various  authors  have  utilized  descriptions  for 

IT 

which  relevant  cc  arc  not  zero.  However,  at  the  same  time,  these 

reference  descriptions  may  be  solutions  of  only  part  of  the  original 

equation  or  their  relation  to  the  original  equations  may  be  less 

straightforward.  For  example,  Cliaban's^'^  elegant  analysis  of 

the  instability  of  a  liquid  crystal  in  an  acoustic  field  utilizes 

a  "pump  solution"  -  an  oscillating  solution  of  the  homogeneous  part 

of  the  original  equations.  On  the  other  hand  Helfrich  and  later 

.(4  ) 

Nagai  introduced  a  reference  "state"  which  can  perhaps  be  best 

characterized  as  a  "shear— deformed"  description  but  its  relation  to 
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the  full  nematodynamic  equations  is  less  than  clear. 

The  implications  of  utilizing  a  reference  solution  {a^} 
which  is  not  a  solution  of  the  full  equations  can  be  illustrated 
by  recourse  once  again  to  solutions  of  the  simple  relation  given 
by  eq.  (4).  Let  be  such  that  it  is  a  solution  of  the  homo¬ 
geneous  part  of  eq.  (4)  namely  that 

~  dir  +  a^*  =  0  (11) 

J* 

Then  substitution  of  into  eq.  (4)  gives 

■jj":  6a i  +  (a i  +  2A«i r)5aj  +  A(ajr)  +  A(6aj)2  =  0 

The  assertion  that  (604) 2  is  small  now  leads  to  the  inhomogcnous 
equation 

--  6a x  +  r6ai  +  ACa^)2  =  0  (12) 


rather  than  the  homogeneous  form  obtained  earlier  in  eq.  (6) .  Since 
eq.  (11)  requires  that  the  only  non  zero  o^  are  time  dependent  the 
solution  of  eq.  (12)  becomes  mathematically  complicated  (£f.  Chabnn 
In  any  case,  the  solution  of  the  homogeneous  part  of  eq.  (12)  may  in 
dicate  stability^ yet ,  because  of  the  inhomogeneous  term,  6aj  may  be 
substantially  different  than  zero.  To  avoid  the  more  complicated 
mathematics  let  us  treat  a  case  where  the  reference  state  {ci^r}  is 
time  independent  and  non  zero  [Eq-  (ID  precludes  this  but  it  is 
easy  to  sec  that  if  aj  were  linearity  coupled  to  another  variable 
02  in 


3  ? 

C<i  »  a  |  o  1  I  apO?  -»  A«i  1  ...  =  0 


9t 


r  9 

wo  could  obtain  a  solution  tt x  /  0,"~  a,r  K  q].  Taking  0/  to  be 


(19) } 
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a  constant  moans  Tj  is  a  constant  and  we  can  Immediately  write  the 

solution  of  eq.  (12)  as 

-Fit  -rxt  t  rt'  2 

6ax(t)  =  6ai(0)e  -  e  j  c  A(aj  )  cH' 

0 


which  integrates  to 


-ft 


6aj(t)  =  6a(0)e 


-  ^  [l  -  e“rt] 


and  for  t  -*■  05  and  T  >  0  we  have 


6a(t)  ->  ^  (air)2 


Hence  «x  could,  with  increasing  dj  become  quite  different  than  just 


Cti  even  though  Tj  remained  positive,  i.e,  even  though  the  system 

remains  stable  in  terms  of  a  decaying  exponential  e  .  Of  course, 

if  -2Aaj  were  made  sufficiently  large  I’j  could  change  sign,  would 

x* 

increase  dramatically  with  time  and,  the  reference  dj  would  clearly 

be  unstable.  Whether  one  observes  only  this  instability  or  one 

A  x  2 

observes  the  gradual  growth  of  the  contribution  yr*  (dj  )  will  de¬ 
pend  on  how  dj  is  probed  experimentally.  The  instability  may  occur 

•  A  r  2 

before  this  latter  contribution  becomes  observable  or  yr-(di  )  may  be 

observed  prior  to  the  instability. 


(iv)  Boundary  Conditions 

Although  boundary  conditions  apply  to  the  set  of  d^  Lhc  solution 
is  carried  out  in  terms  of  the  separate  parts  of  d^  (cL f.  eq.  (2)  or 

J* 

(3)).  This  presents  few  difficulties  with  and  6d^  in  cq.  (2) 

since  d^*"  usually  has  well  defined  boundary  conditions.  However,  in 

r 

expansion  to  second  order  as  in  ccj.  (1)  the  selection  of  cu  -  ci^ 


o 


10Y 


defines  only  the  sum 


a.  -  a 

i  i 


(0) 


.  The  separate  condi¬ 


tions  on  and  can  he  selected  arbitrarily. 

(v)  Normal  Modes 

Given  an  appropriate  reference  description  and  its  boundary 

conditions  the  solution  of  the  neinatodynamic  equations  may  be  addressed. 

(20) 


The  methodology  of  Rayleigh 


followed, largely,  by  recent  workers 


(gf..  Hayes ^  ^  ,  Nagai^  \  Candau^^),  proceeds  directly  to  the  expres¬ 
sion  for  (t) .  We  have  repeatedly  seen  (sections  (ii)  and  (iii))  the 

role  played  by  the  solution  of  the  homogeneous  part  of  the  dynamic 

equation.  Where  there  are,  in  fact,  several  such  coupled  dynamic 
equations  there  are  some  advantages  to  solving  the  homogeneous 
equations  in  terms  of  their  normal  modes.  This  is  particularly  so 
in  the  case  where  the.  coefficients  of  the  homogeneous  equations 
are  constants.  The  efficacy  of  a  normal  mode  analysis  is  apparent 
even  in  the  solution  of  inhomogeneous  equations,  for  example  equa¬ 
tions  of  the  form  of  eq.  (10). 

We  shall  illustrate  their  use  by  considering  the  set  of  second 
order  nematodynaniic  equations  denoted  by 

a ^  +  M  +  £  «  0  (13) 

Here  ci^  ^  is  a  column  vector  with  elements  M  is  a  matrix  with 

x  — 

3  3 

elements  M.  .  defined  in  terms  of  the  operators  —  and  phenomeno- 

ij  dx.  dx. 

1  J 

logical  coefficients  such  as  those  for  viscosity,  V  ,  heat  conductivity 
K,  etc.  The  inhomogeneous  part  F  is  a  column  vector  with  elements  F. 

This  "force"  F.  is  defined  in  terms  of  products  where  the 

1  1  l  J 

latter  are  solutions  of  the  homogeneous  equation 


3  (1)  (l) 

---  uv  '  i  M  a' ' 7  =  0 

3t  —  --  — 


(H) 


V 
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We  introduce  normal  modes  y  by  writing 

-A.t  J 
YjCt)  -  Y^Oje  J 


(21) 


(15) 


where  the  Y.(0)  are  elements  of  a  column  vector 

J 

I  =  V"ja 

Here  V  is  such  that 

V_1V  =  1  and  V_1M  V  =  A 


(16) 


(17) 


and  A  is  a  diagonal  matrix  with  elements  A^  «=  A .  We  should  empha¬ 
size  again  that  M  is  the  same  for  both  the  first  and  second  order 
equations. 

Given  the  definitions  of  cq.  (16)  and  (17)  we  can  rewrite  the 

set  of  coupled  inhomogeneous  equations  of  the  second  order  equation 

as  a  set  of  uncoupled  inhomogeneous  equations.  We  simply  multiply 

—  '  /  2 1  \ 

from  the  left  with  V  1  and  use  "U  -  Vy  on  the  right  of  M  to  obtain 

3/3j_  V_1a  +  V-1  M  V  y  +  V_1F  =  0 
or 


d /  Y.  +  A.y.  +  F.Y  o 

dt  J  J  J  J 


(18) 


where  F  J  •-  5!  V,!  F. 

3  J*  i 


(19) 


The  complete  solution  of  eq.  (18)  can  be.  immediately  written  down  as 

-A.t  -A.t  £  A.t' 

(20) 


/A  .  I 

e  J  F  Y(t)  dt 


J  J 


(note  we  use  for  the  comp!  etc  solution  of  oq.  (18)). 

07) 

In  treatments  where  the  acoustic  streaming  iu  taken  to  he 


part  of  the  second  order  solution  one  asserts  that  F.  contains  a 
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constant  term  and  the  remaining  terms  are  of  lens  importance.  Under 


these  conditions  cq.  (20)  integrates  to  give 


V  Y 


1^(0  =  Y.(0)e  3  - 


[‘ .  .-v] 


(21) 


Consequently  one  can  describe  the  solution  of  eq.  (13),  i. e. ,  the 


second  order  equation,  in  terms  of  the  "modes"  Y  given  by  eqS  (IS)  —  (17). 

p<2). 


The  description  in  terms  of  the  variables  ot|^*  ( JU_e . , 


etc.)  is  obtained  by  simply  inverting  eq.  (16)  to  give 


a±(2)(t)  =  EV  *  (t) 


(22) 


(vi)  The  Characteristics  of  the  Second  Order  Solution 

We  shall  discuss  only  those  cases  where  the  inhomogeneous  terra 
is  constant  and  the  eigenvalues  A^  of  M  have  positive  real  parts. 

In  these  circumstances  the  response  and  long  time  characteristics  are  of 
interest.  From  eq.  (21)  we  see  that  as  t  >•  05  we  have 


*i  “  - 1 


(23) 


Thus  reaches  a  steady  value  which  we  might  remark  is  simply  that 
obtained  from  the  second  order  equation  (eq.  (18))  on  ignoring 
3Y^/gt*  For  the  long  time  steady  value  of  say  we  have 


a.  =  T.  V..F.Y/A.  =  E  V..V..  F„/A. 
1  ij  J  J  ij  jk  K  J 


(24) 


It  is  this  solution  which  corresponds  to  the  steady  acoustic 
streaming  solutions  of  Hnycs^ ^ )  and  others.  We  shall  emphasize 
that  once  one  has  the  eigenvalues. 


A^,  and  eigen  vectors,  , 


no 


of  the  first  order  equation  then  all  one  needs  to  complete  the 
solution  is  the  "forces"  F^  of  the  second  order  equation. 

The  response  time  of  the  second  order  solution  can  character¬ 
ize  either  growth  (x„)  or  decay  t  .  In  the  case  of  growth  we  take 

D 

the  initial  state  to  have  Yj(0)  [recall  section  (iv)  and  note  that 

this  implies  all  =  0  at  time  L  =  0  so  that  a(0)  -  a  (0)  +  ot^^(0)]. 

Hence  eq.  (21)  is  just 


(25) 


Wc  can  write  T  as  T  ~ 
G  G 

The  growth  of  the 
several  response  times. 


3«KG/ 


at 


^jG(0  -  c (“) 

(2) 


-\ 


which  gives  for  eq.  (25)  T 


individual  '  is  of  course  characterized  by 
If  all  a.(2)(0)  “  0  eq.  (22)  gives 


a. 

x 


(2)  _ 


=  E  V, 


id 


(26) 


and  in  anology  with  eq.  (25)  we  see  that  there  are  several  response 

times  T_  .  -  1/...  Which  of  these  T..  .  appears  dominant  will  depend 

Y 

on  the  elements  of  (V,.F;/A.). 

JJ  j  j 


Ill 


Alternatively  one  can  enquire  as  to  the  decay  of,  say,  the 

ss 

steady  long  time  value  of  iJj  .  when  the  inhomogeneous  term  (which 
we  think  of  as  a  "force"  which  had  maintained  this  steady  state) 


is  suddenly  shut  off.  This  means  that  in  eq.  21  we  can  take 


y^(0)  =  Yj  at  the  instant  the  forces  are  set  of  zero  and 
write  eq.  (21)  for  decay  (D)  as 

r.  -A.t 

,D,  .  ,  ss  1  , 

Vt)  -  e  J  I 


rf/3t  ! 

Defining  the  response  time  t  .  as  — - — - - 

°J  *J(t)-*J(«)' 

T  =  X 

TDj  Aj 


gives 


As  with  growth,  we  would  expect  that  decay  of  a  given  would 

be  characterized  by  several  decay  times  as  in 

a.(2)  =  E  V..Y.SSe  j  »  F  V.  .  V  F  f— —  J  (28) 

j  ij  J  jk  k  \  X  I 


We  must  remark  that  the  decay  time  of  a  given  mode  tj>  is  the  same 
as  its  response  time.  Further  it  should  be  clear  that  the  decay 
times  Xj  *  do  not  depend  on  the  "forces"  F^.  The  Yj  arc.  the  roots 
of  M  and  in  the  power  series  expansion  utilizing  an  equilibrium 


reference  (i . c .  ,  no  sound)  the  matrix  M  can  be  shown  [i  f.  rqs.  (8)  to  (10) 
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with  dj  =  0)  to  reduce  to  that  of  the  equilibrium  case.  For  this 

reason  one  would  not  expect  this  method  to  predict  a  response  time 

Aj  1  which  depended  on  the  sound  field. 

A  word  of  caution  is,  however,  in  order  if  the  response  times 

are  probed^  ^  ^  in  terms  of  the  individual  .  Notice  that  in  both 

eq.  (26)  and  (28)  the  forces  F.  enter  as  coefficients  of  terms  with 

different  exponential  decay  characteristics  (16).  Now  these  forces 

do  not  depend  in  precisely  the  same  way  on  a  given  external  stress, 

e . g . ,  electric  or  even  the  acoustic  field.  Hence  changing  these 

external  stresses  will  change  the  relative  contributions  of  the 

(2) 

various  terms  in  these  expressions  for  growth  and  decay  of  a in  a 

complicated  way.  As  a  result  the  apparent  decay  time  can  depend  more 

than  just  A^  *,  it:  could  depend  on  the  external  .stress  in  a  complicated 

(22) 

way 


The  long  time  behaviour  and  response  times  of  acoustic  stream¬ 
ing  when  the  reference  state  is  chosen  as  something  other  than  equili¬ 
brium  can  differ  from  that  given  above.  For  example,  if  the  reference 
state  is  a  "pump"  solution^  ^  or  an  acoustically  strained  description^'^ 
then  in  the  linearized  equation. 


3  p 

-g-  6  a  I  M6u  I  F  =  0 

where  M  now  retains  information  about  the  reference  state.  -  i  .  e .  . 
about  the  imposed  acoustic  field-in  contrast  to  the  rases  discussed 
above.  If  the  reference  is  such  that  M  is  time  dependent  the  mathe¬ 
matics  is  complicated  (cj'.  Chnbnn)  but.  if  M  is  constant  it  is  easy 
to  see  that  tlu:  analysis  of  the  previous  few  paragraphs  goes  through 
in  flic  same  way.  Now,  however,  the  characterist  i  <-  "response"  I  imes 
Aj  1  could  be  directly  dependent  on  the  imposed  acoustic  field. 
Assuming  stability  the  long  time  steady  state  result  :•  ;;]i< mi  1  <) ,  lt< luvvrr  t 


ho  the*  snme. 
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III.  CONCLUSIONS 

For  a  nematic  liquid  crystal  in  an  acoustic  field  the  power 
series  solution  carried  to  second  order  from  a  reference  state 
of  zero  acoustic  power  (i ,e . ,  equilibrium)  is.  incapable  of  dis¬ 
playing  an  exponential  growth  (instability)  of  the  characteristic 
solution.  Other  reference  descriptions  could  display  such  an  in¬ 
stability.  However,  the  use  of  reference  descriptions  which  are 
not  solutions  of  the  full  nematodynamic  equations  leads  to  solu¬ 
tion.':  which  may  deviate  significantly  from  the  reference  descrip¬ 
tion  yet  still  exhibit  stability  of  the  characteristic  solution. 
Depending  on  the  mode  structure  the  response  times  may  show  a 
complicated  dependence  on  the  acoustic  or  other  external  fields. 
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I.  INTRODUCTION 

The  acousto-optic  effect  is  a  phenomenon  occuring  in  a  nematic  liquid 
crystal  in  the  presence  of  both  an  ultrasonic  wave  and  a  linearly  polarized 
light  wave.  The  nematic  cell  is  constructed  by  inserting  the  liquid  crystal 
between  two  sheets  of  glass  chemically  treated  to  promote  homeotropic  alignment. 
Lecithin  is  a  typical  chemical  agent  which  causes  the  long  axes  of  the  nematic 
molecules  to  become  oriented  perpendicular  to  the  glass  sheets.  Normally  no 
light  is  transmitted  if  the  cell  is  observed  between  crossed  polarizers.  How¬ 
ever,  if  an  ultrasonic  wave  is  directed  to  the  cell,  light  will  be  transmitted 
through  the  second  polarizer. 

Since  1976  it  has  been  known^  that  the  mechanism  causing  the  effect  is 

acoustic  streaming.  However,  the  dependence  of  the  effect  upon  the  incident 

2 

acoustic  angle  is  not  understood.  In  1978,  Letcher,  Lebrun,  and  Candau 
reported  for  their  cells  the  effect  took  place  in  a  relatively  narrow  range 

3 

of  incident  angles,  27  to  30  degrees.  In  1977,  Nagai,  Peters  and  Candau 

4 

and,  in  1978,  Nagai  and  Iizuka  reported  the  acoustic  frequency  dependence  of 
the  angular  variation  of  sensitivity  and  gave  preliminary  results  which  indi¬ 
cated  the  transmitted  light  intensity  increased  with  increased  acoustic 
transmission.  In  1979,  Perbet,  Ilareng,  and  I.cLerre">  reported  strong  light 
transmission  at  incident  acoustic  angles  of  maximum  and  minimum  acoustic 
transmission.  Also,  in  1979,  Lebrun,  Candau,  and  Letcher^  reported  the  narrow 
angular  range  for  the  effect  becomes  broadened  when  thin  glass  is  used  for  the 
cell. 

In  this  report  we  describe  the  study  we  have  undertaken  to  analyze  the 
angular  dependence  of  the  acousto-optic  effect.  In  S* •<  t  ion  II  a  theory  is 
developed  which  gives  the  acoustic  transmission  of  the  cell  as  a  function  of 
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incident  acoustic  angle,  frequency,  speed  of  the  acoustic:  wave  in  the-  fluid(s) 
surrounding  the  cell,  density  of  the  cell,  density  of  the  fluid(s)  surrounding 
the  cell,  density  of  the  glass,  speeds  of  the  longitudinal  and  transverse 
waves  in  the  glass,  thickness  of  the  glass  layer,  thickness  of  the  liquid 
crystal  and  acoustic  speed  in  the  liquid  crystal.  Since  each  of  these  quan¬ 
tities  are  measurable, , as  well  as  the  actual  transmission,  the  final  equation 
can  be  rigorously  tested  experimentally.  The  results  of  such  testing  is 
reported  in  Section  III  for  both  a  single  sheet  of  glass  and  the  liquid  crystal 
cell.  A  comparison  is  also  made  in  this  section  between  the  acoustic  trans¬ 
mission  and  sensitivity  of  the  acousto-optic  effect.  This  comparison  gives 
insight  into  the:  results  mentioned  above  by  other  ro.searchors .  We  also  obtain 
results  for  the  angular  dependence  of  lines  which  often  appear  in  cells  ex¬ 
hibiting  the  acousto-optic  effect.  In  the  final  sections  conclusions  are  drawn 
from  these  observations.  Appendix  A  contains  a  computer  program  for  evaluation 
of  the  acoustic  transmission  for  a  given  set  of  the  above  mentioned  parameters. 
Appendices  B  and  C  contain  graphs  of  the  transmission  for  typical  cells  as  a 
function  of  angle  for  various  frequencies. 
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1 1 .  THEORY 


To  obtain  an  expression  for  the  transmission  of  an  acoustic  wave  through 
a  liquid  crystal  cell,  we  will  use  the  coordinate  system  of  Figure  1.  Al¬ 
though  experimentally  we  will  immerse  the  cell  in  water  the  expression  will 
allow  the  fluid  on  each  side  of  the  cell  to  be  different. 

Since  fluids  support  no  shear  waves  we  will  only  have  one  wave  function 
in  the  water  and  liquid  crystal  regions,  a  wave  function  for  the  compression 
wave: 

=  (9  e  +  4>  e  )  e  (1) 


In  the  glass  we  will  have  an  additional  function  for  shear: 

y  =  (y’e^^z  +  T''e^^Z) 


(2) 


We  note  that  the  x  component  of  the  wave  number,  o,  is  the  same  for  both  types 
of  waves.  Due  to  Snell's  law  we  further  see  a  is  the  same  in  each  medium. 

The  material  speeds  may  be  found  from 


Sj  _  D  T 
Vx  9  >>  9  i 


(3) 


and 

3<j>  .  37 
v  —  —  i  ---• 
Y  3x  9z 


(4) 


The  wave  speeds  may  be  expressed  in  terms  of  the  Lame'  parameters  (A,l>)  and 
the  density,  p.  The  longitudinal  speed  is  given  by 

c  -  V\‘  77  <•'> 

and  the  shear  speed  by 

b  =  yy  ((,) 


3 


i  23 


For  the  fluid  region  the  only  stress  is  the  pressure,  since  p  -  0,  hut  for 
the  glass  regions  we  must  generalize  to 


=  A 


/ fin  3u  \  „ 

(dxX  +  3zZJ  +2lJ 


fin 

3x 


(7) 


z 

X 


II 


'  3ux  3uz 

Tfz  fix 


) 


(8) 


where  and  are  material  displacements  from  equilibrium  in  the  x  and  v. 
directions,  respectively.  These  displacement  components  are  related  to  the* 
speed  components  by 


u 


x 


IV 

—  X 
ll> 


(9) 


u 

z 


XV 
—  z 

w 


(10) 


As  indicated  in  Figure  1  we  use  the  subscript  1  to  denote  the  water  glass 
interface  at  z  =  d.  We  let 

P  =  ad  =  wd  cosO /  c  and  Q  =  Bd  =  d  cosy  /b 
Combining  Equations  1-4  and  7  -  10  we  have 


where 


(ID 
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io  c.os  F 


-a  sin  P 


A  = 


-a  sin  P 

(Ak2  +  2iia2)  cos  P 


ia  cos  P 

-  (Ak2  +  2p  «2)  Si*  P 


sin  T 


-xao 


cos  P 


-iP  cos  Q 
-0  sin  Q 


-2i  n  a 

-  g  CQS  Q 

w 


J 

2w 


-  («2  -  B2)  sin  Q 


(12) 


For  interface  2  we  write  a  similar  equation: 


03) 


where  B  is  obtained  from  A  by  letting  P*Q=0 .  Of  more  interest  is  the  inverse 


iut 

pK2 

0 


_  i  oco 

P  p  K2 

0 


1  2  b 

7  8 

We  are  using  the  notation  of  Brekhovskikh  and  Spielvogel.  Wo  take 

k2  =  a2  +  a2  (15) 

K2  =  o2  +  P2  (16) 

and  use 

V  K2  =  k2(2  v  +  X)  (17) 


from  Equations  5  and  6. 

Combined  Equations  11  and  13  we  have 


aji  =  2  sin2y  cos  P  +  cos  2y  cos  Q  (19) 


a\2  =  l(tanO  cos  2y  sin  P  -  sin  2.y  sin  Q) 


SinO  t  r,  ti  \ 

a  1  3  =  ~  (cos  Q  -  cos  P) 


aji,  =  -2ib(tan0  siny  sin  P  +  sin  Q  cosy  ) 
bcosO  sin  2y  sin  P 


.  1 

a21  =  1  " 


c  cosy 

ny2  :=  cos  2y  cos  P  +  2  sin2y  cos  Q 


-  tony  cos  2y  sin 


in  o] 


*2  3 


-I 

Pc 


(cosO  sin  P  +  tany  sinO  sin  Q) 


a 'yi,  -  2b  siny  (cos  Q  -  co.s  P) 


(20) 

(21) 

(22) 

(23) 

(24) 

(2  b) 

(26) 


J 


uif.11  1 
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a3i  =  2pb  siny  cos  2y  (cos  Q  -  cos  P) 

=  -ip  l  c  sin  P  +  4b  cosy  sin2y  sin  Q) 

333  =  cos  2y  cos  P  +  2  sin?y  cos  Q 

334  =  2ipb2  (cos  2y  tanO  sin  P  -  sin  2y  sin  Q) 

2  n  r>  ' 


am 


-A 


„  •  ?  ,  cos/2y  sm  Q  \ 

cosO  sxn^y  sxn  P  +  — - -  ) 

c  2b  cosy  J 


sinO  cos  2y  / 

ai,2  = - - - (cos  Q  -  cos  P) 


»4  3 


i  (  sin  _20  si 
2p  \  c2 


sin  P  cos  2y  tany  sin  Q 
_T 


2p 

ax,i,  =  2  sin2y  cos  P  +  cos  2y  cos  Q 


(27) 

(28) 

(29) 

(30) 

(31) 

(32) 

(33) 
(  3A) 


The  last  component  of  Equation  18  is 


V  7 '■  ~  34  1  v  „  +  ai,?  v  +  at,3  z  ,  +  ai,i,  v.  /2p 

2p  Xj  X?.  ’  Z2  15  Z2  x? 


(3  b) 


This  equation  describes  what  happens  at  the.  glass  fluid  interface.  However, 

since  there  can  be  no  transverse  stress  in  the  fluid  we  must  also  have  no 

transverse  stress  in  the  glass  at  the  boundary:  z  =  z  =0.  Therefore; 

xl  x? 

Equation  35  reduces  to 


ai.i  v  +  all7  v  -4  ai.  i  z  =  0 
m  x2  z?  ' 3  z7 

Incorporating  Equation  36  into  Equation  18  we  obtain 

a)  1 


v  =  Lv/  -  v  +  L,  _  *i.i.  “wj  z 

*1  \  341  /  \  3,,1  J  Z? 


(36) 


(37) 


(38) 
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whore 


Mj  =  a22 

-  a21  ait  2/a4  1 

(39) 

M2  =  a23 

-  a2 1  043/04! 

(AO) 

^3  =  a32 

"  031  042/04 1 

(Al) 

M4  =  a3  3 

“  o 3 1  043/041 

(A2) 

In  a  fluid  b  =  0  and  v  =  0  so  to  relate  v  and 

z 

we  have  analogous  to  Equation  38: 


z  between  interfaces  2  and 
z 


3 


(A3) 


(AA) 


(A5) 


„  -  -  “iPjX  C:LC  sin  PLC 

cl  o  9  ~  - — — - — -  — 

cosO],c 


(AO) 


a33 '  =  (:os  rgc 


(A  7) 


where  the  IX  subscript,  refers  to  the  value  of  these  parameters  in  the  liquid 
crystal  region. 

We  have  for  the  second  glass  region: 


(AH) 
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where  the  Ih  's  are  given  in  Equations  39-42. 
Equations  38,  43,  and  48  combine  to  give 


(49) 


(50) 


Equation  49  relates  the  z  component  of  stress  and  velocity  of  interface  1, 
the  first  interface  the  incident  wave  encounters,  to  interface  4,  the  final 
interface  of  the  cell.  We  may  now  match  the  incident  wave  with  interface  1 
and  the  transmitted  wave  with  interface  4  and  thereby  find  the  acoustic 
transmission  of  the  cell.  We  will  change  the  origin  of  the  coordinate  system 
in  Figure  1  so  it  lies  in  interface  4  and  take  the  complete  call  thickness 
from  1  to  4  to  be  H.  Then  for  the  initial,  wave  we  have 


-[♦: 


cioca(z-l!)  + 


-iaa  (z-11)  -i(oax-wt) 


(51) 


T  =  0  (52) 

a 

where  <f>"  is  the  amplitude  of  the  incident  wave  and  <f»  ’  the  amplitude  of  the 
reflected  wave.  The  wave  is  traveling  in  the  negative  z  direction. 
Similarly  for  fluid  b 


=  4>’"  e-iabz  ei(oax-wt) 


(53) 


for  the  wave  transmitted  through  the  cell.  Using  Equations  3,4,  and  7-10 
and  omitting  the  common  factor  of  c 


we  have 
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v  =  io  ( <(> '  +  \ 

xa  a  V  a  a  ) 


v  =ia 

za  a  V.  a  a  / 


z  =0 
xa 


Zza  =  -iwpa  (*a  +  *a  > 


Vxb  =  10b  +b 


Vx.b  =  1Wb  *b 


Zzb  =  iwpb  V  ’  ' 


From  Equation  49  we  have 


-a  (♦;  -  K) 

^ a  (♦;  +  *a  ) 


Wc:  define  the  transmission  coefficient  as 


d  »  p.  *;"/p  4-’" 

b  b  a  a 


and  the  reflection  coefficient  as 


v  =  ♦;/♦« 


(54) 

(55) 

(56) 

(57) 

(58) 

(59) 

(60) 


(61) 


(62) 


(63) 


Equation  61  provides  the  means  by  which  these  coefficients  may  be  evaluated. 
To  calculate  the  transmitted  acoustic  intensity  we  must  evaluate  |l>|.  Care 
must  be  take  in  doing  so,  however.  The  longitudinal  speed  in  the  glass  is 
over  three  times  the  speed  in  the  water.  Use  of  Knell's  law  shows,  the 
critical  angle  for  the  two  types  of  glass  wo  use  occurs  at  15  degrees  and 
13.5  degrees.  Similar])',  tic  shear  wave  spied  in  the  glass  is  over  twice  the 
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longitudinal  speed  in  the  water.  For  the  two  types  of  glass  we  use  the 
critical  angle  for  this  type  of  wave  is  exceeded  at  25.5  and  27  degrees. 
Therefore,  we  find  three  regions  for  the  angle  of  incidence.  A  separate 
equation  for  the  transmission  must  be  found  for  each  region:  the  region 
where  no  critical  angle  is  exceeded,  where  only  the  critical  angle  for  the 
longitudinal  wave  is  exceeded  and  where  both  critical  angles  are  exceeded. 

For  example,  in  the  second  region  taking  0  to  be  the  angle  for  the  comjrression 
wave  in  the  glass  and  0  in  the  water  we  have  from  Snell's  law 

3 


.  n  C  sinGa 
smO  =  — —  — «• 


. ,  C  sinOa 

so  if  — fr - >  1  then 

l'a 


cos  0  ►  i*'sin?0  -  1  (64) 

sin  P  -►  i  sinh  |p|  (65) 

cos  P  •>  cosh  |  P  |  (66) 


Similarly,  if  both  critical  angles  are  exceeded  we  must  make  changes  in  cos  y, 
sin  Q,  and  cos  0. 

Therforc,  certain  terms  which  are  real  in  the  matrices  for  one  region 
will  be  imaginary  in  another.  Nevertheless  we  do  find  for  all  regions: 

?  4w?p?/«? 

M  “  r - ,  •  -  r - n  i  (67) 

(lp-h  |  c:,,  |  +-"’l,a-Lcjl  +  |  c3 1  4-  M?PaPh|r.?| 

Lftb  J  L  c<a  al>  J 


although  the  form  for  |Cj|  will  change  for  each  region. 

Equation  6/  will  he  the  basis  of  comparison  for  the  measurements  we  will 
make  for  the  amount  of  ultrasound  transmitted  through  the  liquid  crystal  cell. 
It  should  he  noted  that  Equation  67  does  not  include  any  damping  due  to  either 
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in  the  cell.  Furthermore,  we  have  omit  It'd  the 
viscosity  or  surface  waves  in  the  cell. 

for  the  speed  of  sound  which  occurs  in  liquid  crysta  ... 
small  anisotropy  for  the  speed 

m  ho  less  severe  than  the  former  ones. 
The  latter  simplification  appears  to  be 
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III.  EXPERIMENT 


A.  Single  Layer  Verification 

To  test  Equation  67  experimentally,  we  start  with  the  simple  case  of  a 
single  sheet  of  glass  rather  than  the  liquid  crystal  cell  mentioned  above. 

For  this  case  the  |C^|  reduce  to  the  |M^|  of  Equations  39-42. 

Two  Panametrics  Model  V302  transducers  are  used  for  the  transmitter 
and  hydrophone.  The  transmitter  is  driven  by  a  Hewlett-Packard  Model  3312A 
function  generator  in  the  amplitude  modulation  mode  externally  modulated  by 
a  Hewlett-Packard  Model  3310A  pulse  generator.  Pulses  were  typically  25  p  sec 
in  width  containing  approximately  20  cycles  per  pulse.  The  frequency  is 
measured  using  a  Hewlett-Packard  Model  5326A  timer /counter .  The  glass  sheet 
is  placed  in  the  center  of  a  water  tank  30cm  x  40  cm  x  60  cm.  The  acoustic 
transmitter  is  located  8  cm  from  the  glass  sheet  with  the  hydrophone  approxi¬ 
mately  the  same  distance  on  the  other  side.  The  glass  is  suspended  by  an 
angular  positioning  device  allowing  orientation  to  the  nearest  degree  to  be 
specified.  Initial  alignment  is  facilitated  by  a  laser.  The  signal  from 
the  hydrophone  is  amplified  and  sent  to  both  a  PAR  Model  160  boxcar  integrator 
and  Tektronix  564  oscilloscope.  For  the  data  on  the  graphs  presented  in  this 
section  the  values  are  read  from  the  oscilloscope. 

The  glass  sheets  arc  15  cm  x  15  cm  x  0.16  cm  and  15  cm  x  15  cm  x  0.0146  cm, 
respectively.  The  diameter  of  both  the  transmitter  and  hydrophone  are  2.5  cm. 

By  noting  the  time  of  the  various  pulses  displayed  on  the  oscilloscope  the? 
reflection  source  may  be  identified.  As  the  orientation  of  the  glass  changes 
the  times  between  the  reflection  pulses  and  main  pulse  chang.es.  The  largest 
reflected  pulse  amounts  to  10%  of  the  main  pulse. 

The  following  constants  are  used  for  the  thicker  glass,  longitudinal  and 
5  5 

shear  speeds:  5.61  x  10  cm/ sec  and  3.32  x  10  cm/scc,  respectively,  with  a 
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3  5 

density  of  2.54  gm/cm  .  For  the  thin  glass  these  values  are  5.81  x  10  cm/sec., 

5  3 

3.48  x  10  cm/sec  and  2.51  gm/cm  ,  respectively.  The  thicker  glass  is  float 

glass  obtained  from  PPG  Industries.  The  manufacturer  supplied  the  values  of 

7  2 

Young's  modulus,  1.0  x  10  lb/in  ,  and  the  Poisson  ratio,  0.23,  from  which 
the  above  acoustic  speeds  are  obtained.  The  thin  glass  is  obtained  from 
Corning  Glass  Co.  which  supplied  the  shear  modulus,  4.4  x  10^  psi,  and 
Poisson  ratio,  0.22,  from  which  the  acoustic  speeds  for  the  thin  glass  are 
calculated . 

Figure  2  is  a  graph  of  the  ratio  of  the  hydrophone  voltage  wi th  the 
glass  present  to  that  without.  The  abscissa  is  the  angle  between  the  normal 
to  the  glass  plate  and  that  of  the  acoustic  beam.  The  crosses  are  the  ex¬ 
perimental  values  obtained  approximately  every  degree.  The  solid  line  is 
the  theoretical  result  from  Equation  67  for  j D [  u:  ing  the  above  constants. 

It  should  be  noted  that  there  arc  no  adjustable  parameters  used  in  this 
graph  since  each  constant  of  Equation  67  is  known.  There  are  two  peaks  of 
100%  transmission  in  the  theoretical  plot  at  16.5  degrees  and  at  35.4  degrees, 
as  well  as  a  dip  to  zero  transmission  at  15.9  degrees.  Experimentally  the 
crosses  in  the  graph  show  the  upper  peak,  though  shifted  to  34.5  degrees  and 
reduced  from  100%  to  70%  transmission.  The  lower  peak  and  dip  are  missing, 
however.  These  discrepancies  are  due  in  part  to  the  finite  acceptance  angle 
of  the  hydrophone.  Figure  3  is  identical  to  Figure  2  except  each  point  on 
the  theoretical  plot  is  averaged  over  the  values  for  3  degrees  on  cacli  side. 

The  averaging  brings  the  upper  peak  down  to  a  maximum  of  82.9%  and  places  it 
at  35.2  degrees  as  well  as  greatly  reducing  the  lower  peak  and  almost  elimi¬ 
nating  the  dip.  This  averaging  will  be  performed  in  the  subsequent  graphs. 

Figure  4  shows  the  comparison  of  theory  and  experiment  for  a  single 
sheet  of  the  thin  glass.  The  theory  appears  to  uniformly  predict  two  to  three 
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percent  higher  transmission  than  what  is  realized  experimentally,  in  agree¬ 
ment  with  Figure  3.  Considering  we  have  omitted  any  dissipation  of  the  sound 
wave  we  would  expect  such  a  result.  A  frequency  of  0.858  MHz  is  used  for 
Figures  2  and  3  and  0.857  MHz  for  Figure  4.  For  the  thicker  glass  the  re¬ 
sulting  wavelengths  for  the  longitudinal  and  shear  waves  are,  respectively, 

0.65  cm  and  0.39  cm.  The  ratio  of  wavelength  to  glass  thickness  is  0.25  and 
and  0.41,  respectively.  For  the  thinner  glass  the  longitudinal  and  shear 
wavelengths  are  0.021  and  0.036,  respectively.  It  is  this  smaller  ratio  for 
the  fhin  glass  which  makes  it  suited  for  the  nematic  cell  exhibiting  the 
acousto-optic  effect.  We  shall  see  the  uniform  higher  sound  transmission 
allows  for  a  greater  light  transmission  in  the  acousto-optic  effect  with 
less  angular  sensitivity. 

B.  Liquid  Crystal  Cell  Investigation 

The  nematic  liquid  crystal  is  4  -  cyano  -  4'  -  n  hexyl  biphenyl  commonly 
known  as  K18.  The  transition  temperature  for  the  crystal  to  nematic  phase 
transition  occurs  at  14.5°  C  and  the  nematic  to  isotropic  transition  at  20.4° C. 
It  is  obtained  from  Atomergic  Chemetals  Corp.  and  used  without  further  puri¬ 
fication. 

Each  cell  is  constructed  by  coating  two  glass  sheets  with  lecithin  to 
promote  homeotrop.ic  alignment  of  the  liquid  crystal.  The  coated  sides  are 
placed  next  to  one  another  with  80  pm  spacers  at  the  edges.  The  liquid 
crystal  is  then  introduced  at  the  glass  edges  between  the  spacers  and  pulled 
into  the  cell  by  capillary  action. 

After  the  cell  has  been  filled  with  the  nematic  the  edges  are  coated 
with  wax.  Epoxy  is  then  applied  at  all  edges.  The  wax  is  used  to  prevent 
the  nematic  from  reacting  chemically  with  the  epoxy.  For  cells  made  with 
the  thin  glass  the  cell  is  mounted  in  a  plexiglass  frame  for  added  support. 
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The  acoustic  wave  for  these  cells  is  generated  by  the  method  described 

above  or  with  a  Medi  Sonar  Model  1100  ultrasonic  generator.  The  latter 

operates  at  1  MHz  and  is  used  when  greater  power  is  required.  Intensities 

2 

of  1.1  Watts/cm  may  be  obtained  with  this  unit. 

For  measurement  of  the  light  transmitted  by  the  acousto-optic  effect  a 
150  Watt  lamp  is  used.  Light  passes  through  the  liquid  crystal  cell,  a 
second  polarizer  with  an  axis  oriented  at  90  degrees  to  the  first,  and  to  a 
photomultiplier.  The  signal  from  the  photomultiplier  is  amplified  and  sent 
to  a  digital  voltmeter. 

Figure  5  shows  the  ratio  of  voltage  to  the  hydrophone,  with  and  without 
the  liquid  crystal  cell,  as  a  function  of  angle.  For  Figure  5  the  cell  is 
constructed  of  the.  thicker  glass  and  an  acoustic  frequency  of  1  MHz  is  used. 

The  crosses  are  the  experimental  ratios  and  the  solid  line  is  the  theoretical 
value  of  |d|  from  Equation  67.  The  details  of  the  program  used  for  the  evalua¬ 
tion  of  Equation  67  is  found  in  Appendix  A.  The  solid  points  on  the  graph 
are  for  the  light  intensity  in  arbitrary  units  transmitted  via  the  acousto¬ 
optic  effect. 

It  would  appear  the  acousto-optic  effect  is  operative  when  the  cell  con¬ 
figuration  allows  maximum  transmission  of  sound.  This  result  appears  to 

•  2 
explain  the  results  of  Letcher,  Lebrun  and  Candau  who  reported  a  strong 

optical  signal  for  only  a  narrow  range  of  incident  angles,  27  to  30  degrees. 

3 

This  result  is  also  in  agreement  with  Nagai,  Peters  and  Candau  who  found 
a  correlation  with  experimental  acoustic  and  optical  transmission.  Equation 
67  also  explains  their  results  for  acoustic  transmission  versus  film  thick¬ 
ness,  their  Figure  7.  Also,  the  broadening  of  the  transmission  for  thin 

2 

glass  as  reported  by  Lebrun,  Candau  and  Letcher  is  explained.  This  result 
is  in  disagreement  to  that  of  Perbet,  Hareng  and  LeBerrc:  who  report  an 
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optical  signal  for  large  acoustic  reflection.  We  find  no  optical  signal 
for  large  acoustic  reflection. 

If  we  conclude  that  Equation  67  may  he  used  to  predict  maximum  acoustic 
transmission  and  therefore  maximum  transmitted  light  from  the  acousto-optic 
effect  it  would  appear  the  equation  could  be  used  to  prescribe  how  a  given 
cell  should  be  made  for  a  particular  acoustic  frequency.  Or  if  the  cell 
size  is  determined  by  other  considerations,  Equation  67  could  be  used  to  pre¬ 
scribe  the  acoustic  frequency  which  should  be  used.  For  instance,  for  the 
thicker  glass  cell  used  in  Figure  5,  assuming  an  incident  angle  of  zero. 
Equation  67  is  used  to  determine  the  acoustic  transmission.  See  Figure  6. 

The  results  indicate  that  an  acoustic  frequency  of  around  500  kHz  would  give 
the  best  results. 

For  Figure  7  the  cell  was  constructed  of  the  thinner  glass  sheets.  Again 
we  see  as  the  acoustic  transmission  increases  more  light  is  transmitted.  In 
comparing  Figure  7  with  Figure  A  and  Figure  5  with  Figure  3  we  see  the  dif¬ 
ference  in  the  theoretical  sound  transmission  and  experimental  sound  trans¬ 
mission  increases  as  one  changes  from  a  single  glass  sheet  to  a  liquid  crystal 
cell.  The  increase  is  reasonable  since  the  means  of  dissipation  lias  increased. 
The  flows  induced  in  the  liquid  crystal  which  give  rise  to  the  acousto-optic 
effect  are  in  fact  an  added  means  oT  dissipation  of  the  acoustic  energy. 

Another  means  of  dissipation  is  the  surface  wave  generated.  Figure  8 
shows  a  series  of  photographs  for  the  ceil  viewed  between  crossed  polarizers. 
The  photographs  labeled  A  to  F  have  the  incident  acoustic  beam  at  angles  0°, 

4°,  12.5°,  15°,  -17°  (from  the  right  rather  than  the  left),  and  33°.  The  dark 
circle  with  the  knob  on  the  left  in  the  photographs  is  the  acoustic  trans¬ 
mitter.  The  small  tilted  rectangle  in  each  picture  is  a  spacer.  In  each 
picture  vertical  lines  are  shown.  In  the  absence  of  acoustic  waves  these 
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lines  disappear.  The  light  transmitted  in  each  line  is  the  result  of 
acoustic  streaming  in  the  liquid  crystal  (i.e.  the  acousto-optic  effect). 

As  the.  angle  of  incidence  increases  the  distance  between  the  lines  decreases. 
Figure  9  is  a  graph  of  the  line  spacing  as  a  function  of  angle.  If  we  imagine 
a  plane  wave  of  incident  angle,  0,  coming  to  the  cell  surface  the  component, 
d,  of  the  wavelength  along  the  surface  is  given  by 


d  = 


_  X__ 
sin  0 


(68) 


We  would  expect  a  surface  wave  to  be  generated  and  the  distance  between  the 
lines  to  be  proportional  to  d.  Since  for  norma]  incidence  Equation  (68) 
shows  d  to  become  infinite  we  generalize  the  equation  to 


line  space  =  a/sin  (0  +  b) 


(69) 


where  a  and  b  are  constants.  The  constant  b  should  result  from  the  diver¬ 
gence  of  the  incident  acoustic  beam.  The  continuous  curve  in  Figure  9  is 
for  Equation  69  with  a  =  1.25  mm  and  h  =  14.38  degrees.  Lines  similar  to 
these  have  been  reported  by  Perbct,  Hareng,  and  LeBerre.^  The  angular 
dependence  we  observe  lends  support  to  their  claim  that  the  lines  result 
from  surface  waves. 

From  Equations  38,  43,  48,  59,  and  60  we  find  the  ratio  of  v  to  v  , 
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Since  this  ratio  is  complex  it  contains  information  concerning  the  phase. 

The  two  surfaces,  labeled  2  and  3,  are  the  liquid  crystal  boundaries.  If 
this  phase  is  180  degrees  we  have  a  peristaltic  wave  traveling  along  the 
liquid  crystal  layer.  If  the  phase  is  zero  degrees  i^e  have  an  ordinary 
flexural  wave.  In  Figures  10  and  11  the  phase  calculated  from  Equation  70 
is  plotted  as  a  function  of  incident  acoustic  angle  for  the  thick  glass  and 
the  thin  glass  cells  respectively.  Referring  to  Figure  5  we  see  there  is 
a  significant  amount  of  light  from  the  acousto-optic,  effect  for  incident 
angles  in  the  range  of  29  to  33  degrees.  From  Figure  10  we  see  the  boundaries 
are  out  of  phase  (50  to  140  degrees)  in  this  region  giving  rise  mainly  to  a 
peristaltic,  wave.  From  Figure  7  wc  find  for  the  thin  glass  cell  the  light 
intensity  increases  with  angle  and  from  Figure  11  the  phase  difference 
becomes  smaller  with  angle  to  a  phase  of  around  20  degrees  at  an  incident 
angle  of  40  degrees  generating  mainly  a  flexural  wave.  It  would  appear 
therefore  the  important  feature  giving  rise  to  the  acousto-optic  effect  is 
the  amplitude  of  vibration  for  the  liquid  crystal  boundaries  as  indicated 
above  rather  than  the  relative  phase. 

It  is  of  interest  therefore  to  see  how  the  angular  transmission  chang.es 
as  a  function  of  the  acoustic  frequency  for  the  cells.  Appendix  B  is  a 
series  of  graphs  which  show  the  theoretical  value  of  |d|  from  Equation  67 
as  a  function  of  angle  for  the  thick  glass  cell.  For  low  frequencies, 

100  kHz,  for  which  the  ratio  of  acoustic  wavelength  to  thickness  of  a  single 
glass  plate  is  about  0.03  the  curve  is  fairly  flat  with  a  transmission 
greater  than  507  for  all  angles  less  than  60  degrees.  Ac.  the  frequency  is 
increased  to  300  kHz  the  lower  angle  transmission  decreases  and  a  peak 
appearks  at  higher  angles.  The  peak  becomes  narrower  at  400  kHz  and  appears 
at  a  lower  angle.  By  500  kHz  a  peak  ha:;  appeared  at  lower  angles,  as  well. 


19 


139 

and  is  seen  to  increase  in  location  at  600  kHz.  These  peaks  continue  to 
approach  one  another  and  are  nearly  superimposed  at  one  MHz. 

In  Appendix  C  a  series  for  a  thin  glass  cell  is  presented.  For  the 
first  graph  the  frequency  is  1.0  MHz  which  still  gives  an  acoustic  wavelength 
to  glass  thickness  of  about  0.03  since  the  glass  is  so  thin.  Again  we  see 
a  rather  flat  curve  with  the  transmission  above  60%  for  all  angles.  At  2  MHz 
a  peak  appears  and  at  3  MHz  a  second  one.  At  4  MHz  the  two  peaks  have  narrowed 
and  merged.  The  narrowing  continues  to  8  MHz. 

In  Figure  12  the  theoretical  plot  of  amplitude  ratio  versus  the  thick¬ 
ness  of  the  nematic  layer  is  plotted  for  an  acoustic  frequency  of  ]  MHz  and 
zero  acoustic  incident  angle.  It  would  appear  from  the  sound  transmission 
the  best  thickness  for  a  cell  made  of  the  thin  glass  would  occur  at  200  micro¬ 
meters.  For  higher  frequencies  the  peak  occurs  at  lower  thicknesses  and  is 
narrower.  At  1.9  MHz  the  peak  occurs  at  70  micrometers. 

In  Figure  13  the  theoretical  amplitude  is  given  as  a  function  of 
acoustic  frequency,  for  a  cell  of  the.  thin  glass  with  zero  acoustic  incident: 
angle.  The  decrease  in  ratio  above  3  MHz  continues  up  through  8  MHz,  ns 
seen  in  Appendix  C.  It  would  appear  the  best  frequency  occurs  at  1.9  MHz. 
Therefore,  wc  conclude  the  best  cell  for  the  thin  glass  and  for  zero  incident 
acoustic  angle  would  occur  for  a  frequency  of  1.9  MHz  and  find  the  optimum 
nematic  thickness  to  be  70  micrometers. 
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IV.  CONCLUSIONS 

We  have  developed  an  equation  to  allow  evaluation  of  the  acoustic 
transmission  through  a  liquid  crystal  cell  as  a  function  of  incident  acoustic 
angle,  frequency  and  thickness,  density  and  acoustic  speeds  of  the  materials 
in  the  cell.  Although  a  number  of  simplifying  assumptions  are  made  in  the 
derivation,  such  as  omitting  viscous  dissipation,  we  find  good  agreement 
between  the  theoretical  prediction  and  the  experimental  realization  for 
acoustic  transmission.  We  also  find  a  positive  correlation  between  the 
maximum  acoustic  transmission  and  the  maximum  sensitivity  for  the  acousto¬ 
optic  effect.  Therefore,  the  transmission  equation  may  be  used  to  prescribe 
cell  structure  and  acoustic  frequency  for  the  utilization  of  the  acousto¬ 
optic  effect.  Appendices  B  and  C  contain  examples  of  how  one  may  use  the 
equation  in  this  way.  The  maximum  acoustic  transmission  of  the  cell  occurs 
at  those  angles  where  the  component  of  the.  incident  wavelength  along  the 
glass  surface  matches  the  wavelength  of  a  flexural  or  peristaltic  wave  along 
the  glass  at  the  imposed  acoustic  frequency.  Therefore,  the  maximum  acoustic 
transmission  occurs  when  the  liquid  crystal  boundaries  have  their  largest 
amplitudes  of  oscillation.  The  result  is  important  for  the  resolution  of  a 
visualized  acoustic  wavefront  pattern.  To  increase  the  resolution  we  must 
not  only  dampen  the  lateral  flow  of  the  liquid  crystal  but  we  must  dampen  the 
lateral  flexural  or  peristaltic  wave  induced  in  the  glass  walls.  There  are 
several  means  of  inducing  such  damping.  We  are  presently  attempting  to  in¬ 
crease  the  cell  resolution  by  increasing  the  lateral  damping. 
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ATPEND1X  A 


Appendix  A  contains  a  program  in  Basic  to  give  the  acoustic  trans¬ 
mission  through  a  liquid  crystal  cell  as  a  function  of  incident  acoustic 
angle. 
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10  Vl^O 

20  REM  DENSITY  R1(H20>»  R< GLASS)*  R3(L.C»>* 
30  REM  SPEED  Cl <H20) i  C< GLASS) »  B< GLASS) *  C3(l 
40  REM  DISTANCE  D1 <  L ♦ C . > ,  D2 ( GLASS ) 

50  REM  ANGLE  V1(H20)  -•  THE  INITIAL  ANGLE 

160  R3“l 

170  R4~i 

ISO  R 1  1 

190  C4-150000 

200  F-^900000 

210  R“2 . 54 

220  Cl “150000 

230  C “'560845 

240  R--332216 

250  C3-150000 

260  D1--.008 

270  D2-.014A 

300  IE  C#8IN<V1)/C1>1  THEN  400 
310  GOTO  1000 

400  IF  D>i<SIN(O.L  >/Cl>l  THEN  5000 

410  GOTO  3000 

1000  S8“C*SIN< VI  )/Cl 

10.1.0  SV«B»8JN<V1)/C1 

1020  C8-SQRT  ( 1  -  .1.  #S£r 2 ) 

1 030  C9--S0RT  ( 1  - 1  *S9~2 ) 

1040  G7«2*C9'‘2-1 
1060  P-2#3. 14159#F#D2*C8/C 
1070  G«2*3 . 14! 59*F*D2*C9/B 
1080  S6~SIN(P> 

1090  C6  “COS ( P ) 

1100  S5-SIN  <  0 ) 

1.1  10  C5»C0S(G> 

1120  J.t«2*»#C8*S6*S9/C--S9*C7*S5/C9 
1130  J2~C7*C6+2*S9~2*CS 
1 1 40  J3“-88*r>9*S5/  ( C*R*C9 )  -C8*S6/  <  C*R ) 

1150  Kl«-2*B*R*SV#C7)|:n6+2*B*R*S9#C7*C5 
1 1 60  K 2 -  4  #  B#  R S 9 2 >!<  C 9 % S 5 - C # R $ C 7 2# S 6 / C 8 
1 1 70  K3«-C7*CA-I-2*S9~2*C5 

1 1  SO  L 1 »-  1  *C7" 2*05/  ( 2*B*C9 )  -2*S9~2*C0*S6/C 
1190  l .  2  “  88 * C 7 * C 6/ 1 ;  1 S 0 *  C  7  * C 5 / C 

2000  l.3~  “S9*C7*S5/  <  2*B"2*R#C9 )  +S6#S8#C8/  ( C"2*  R ) 


R4 (AIR  OR  H20 ) 
.C.)»  C4 (AIR  01 


2010 
2020 
2030 
2040 
2050 
2060 
2070 
2080 
2090 
2100 
2110 
2120 
2130 
21 40 
2150 
21 60 
2170 
2180 
2109 
2190 
2200 
2210 
rnn 

*-  A_.  V 

3000 

3010 

3020 

3030 

3040 

3050 

3060 

3070 

3080 

3084 

3085 
3090 
3100 
31  JO 
3120 
3130 
3140 
3180 
3160 
3170 
3180 


M 1  vJ2~  J 1  *L2/L  1 
M2-J3-JDSCL3/L1 
M3:~K2+K1*L2/L1 
M4~K3-K1  *L3/L.l 
T8-03*£>IN<V1  >/Cl 
UO-SQRT  ( 1--T8'>2 ) 

P 1 -2*3 . 1 4 1 59*F*D 1*U8/C3 
A 1-808 ( PI ) 

A2  --SIN < PI  ) *118/  ( R3*C3 ) 

A  3  «  -  R  3  *  C  3  *  S I N  ( P 1 )  /  LJ  8 
A4=A1 

El-~-Ml*M2*A3-Ml*M3*A2-M2*M3*A4-H11*Hl*Ai 
E2=SM1*M2*A1  1  M 1  *  M  4  *  A  2 1 M  2  *  M  4  *  A  4  -  M  2  *  H  2  *  A  3 
E3-M1 *M3*A1 +M1 *H4*A3iM3*H4*A4-M3*M3#A2 
E  4  « — M  2  *  M  3  *  A 1  -  M  2  *  M  4  *  A  3 — M  3  *  M  4  *  A  2 T  M  4  *  M  4  *  A  4 
Z 1  -:R  1*8  1  /COS  <  V 1 ) 

Z 4 :- R 4  *  C  4  /  SO  R  T  <  1- 1*  <84*811!  <  VI  >  /Cl >"2  ) 

T  2s- 4  *7.4  "2/  (  <  Z4*E4-171 *E  1 )  "2i  <  E3+Z1*Z4*E2 )  "2 ) 

T 2“ SORT <  T2> 

PRINT  J NT < 1 0*V 1 * 1 80/3 ♦ 1 4 ) / 1 0 » T2 r TAB ( 1 5+S0#T2 ) »  *  *  * 

VI-  VI  13. 14159/1 80 

IF  VI >70* 3. 14/100  THEM  8000 

8010  300 

S8-t:*SIN<  VI  >/Cl 

S  9  •-  T  f:  8 1 N  ( V 1  >  /  C  .1 

C8: -SORT  < B8'*2  1 ) 

C9-8QRT  < 1--1*89''2> 

C7”2*C9''2— 1 

P~2*3 . 1 4 1 59*F*D2*C8/C 

0-2*3 .141 59*F*»2*C9/B 

56=  < EXP <  P )  -  EXP ( -P )  )  /2 

86-::  ( EXP  <  P )  {-EXP  ( --P )  )  /2 

S5-BIH<Q) 

85  =805(0) 

.J1*=“R#C8#S6*2*S9/C~S9*C7*S5/C9 
J  2  »  C  7  *  C  6 + 2  *  8  9 ' '  2  *  t;  5 
J  3  :s-~ 58*59*8  5  /  (  C*R*C9 )  188*86/  <  C*R ) 

Kl=:  •  2*D*R  *  8  9  *  C  7  *  8  6 1 2  *  B  *  R  *  8  9  *  C  7  *  C  5 
K  2  ®  -•  4  *  H  *  R  *  89  '•  2  *89  *  S  5  8  *  R  *87"  2  *  5  6  /  8  0 
K 3  == 8 7 * 8 61 2 * 89" 2 * 85 

I  P  I  *87'  ’2*85/  <  2*11*89  )  f  2*B9"2*88*86/C 
l.  2  -  8 !( * 87  * 8 6  /  (M  8 8 * 8  /  * 8 5 /  0 

1 .3 :  -89*87*85/  <  2*B"2*R*C9 )  86*80*80/  < 8"2*R  ) 

00 fO  2010 


5000  S8=C*SIN<V1>/C1 
5010  S9=B*SIN<V1>/C1 
5020  C8»SQRT  <  SO "'2-1  > 

5030  C9-SQRT  ( S9~2-  1 ) 

5040  C  7  ~  -  2  .'K  C  9  2  - 1 

5050  p«2*3 ♦ 14159*F*D2*C8/C 

5060  0=2*3.  14159*F*D2*C9/B 

5070  S 6~ < EXP ( P ) -EXP ( -p ) ) /2 

5000  C6- ( EXP ( P ) +EXP <  ~P ) ) /2 

5090  85- ( EXP ( Q ) -EXP ( -0 ) > /2 

5100  C5- ( EXP <  Q ) {-EXP (  ••••  Q ) ) /2 

51 1 0  J1®-B*C8*S6*2*S9/C-S9*C7#S5/C9 

5120  J2=C7*CA+2#S9-*2#C5 

5130  J3=-B8*S9*S5/ < C*R#C9 )  1C8*S6/ < C*R ) 

5140  K 1  «--2*B#R*S9*C7*C6+2#B*R*S9*C7*C5 
5150  K 2 - 4  *  B '!< R * 8 9 2 * C 9 >!< S 5 — C >!< R * C 7 "'2 *96/ C 8 
5 1 6  0  K  3  ™  C  7  *  C  6 •  1 2#  8  9  ~ 2*  C  5 

5170  L .1  «-*l  *C7'*2*S5/  <  2*B*C9 )  +2#89~2*C8*S6/C 
5100  L  2 ~  - 8 0  *  C  7KC6/C+S8  *  C  7  *  t:  5/C 

5190  L3=--S9*C7*S5/ ( '24<RX<C<? )  -  S6* S8*C0/  < C~2*R > 
5200  GOTO  2010 
0000  END 


APPENDIX  B 


Appendix  B  contains  the  computer  print-out  for  the  acoustic  trans¬ 
mission  as  a  function  of  angle  for  a  liquid  crystal  cell  using  glass  1.6 
mm  thick  and  a  liquid  crystal  layer  0.08  mm  thick.  The  frequencies  used 


vary  from  100  kHz  to  1  MHz. 
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RUM 


FREQUENCY  ~  100000 

ANGLE  SO. ROOT  T2 

0  . 

53031519 

2  ♦ 

53069076 

A  . 

53101766 

6  . 

5318928 

8  . 

53310191 

10 

.53658961 

12 

.53616786 

1 A 

.53671979 

16 

♦50366879 

18 

.55621916 

20 

.55766666 

22 

♦56196362 

26 

.5678085 

26 

.57675562 

28 

. 50273586 

30 

.59176335 

32 

.60187158 

36 

.61309966 

36 

. 62569237 

38 

.63906676 

60 

. 65380668 

62 

.66976126 

66 

.68688188 

66 

.70511963 

68 

. 7263843 

50 

•  74456355 

52 

.7654945 

56 

. 786984? 

56 

.80879103 

58 

. 83065597 

* 

* 

* 

* 

* 

* 

* 

* 

* 

$ 

>i< 

* 

* 

* 

* 

* 

>;< 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 
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FREQUENCY  =  200000 

ANGLE  SQ. ROOT  T2 


0  ,34651734  * 

2  ,34652966  * 

4  .34656605  # 

6  .34661781  * 

8  .34664528  * 

10  ,34650293  * 

12  .34565976  * 

14  ,34146675  * 

16  .26142596  * 

18  .3775428  * 

20  ,37185871  * 

22  ,37389204  # 

24  .37855748  * 

26  ,38512721  * 

28  .39352561  * 

30  ,40387373  * 

32  ,41638878  * 

34  .43135173  # 

36  ,44909945  * 

38  ,47001909  * 

40  .49453893  * 

42  ,52311694  * 

44  ,55619384  # 

46  .59413948  * 

48  .63713051  * 

50  ,68497456  # 

52  .73688352  * 

54  .79120591  * 

56  . 84526676  * 

58  ,89552709 


FREQUENCY  »  300000 

angle  sq.roqt  T2 

0  ♦32365379 
2  ,323 49096 
A  .32298899 
6  .32209405 
S  .32066008 
10  .31828903 
12  .31372772 
14  .30122937 
16  .15743477 
18  .37393455 
20  .35301396 
22  .349408 
24  .35052289 
26  .35454088 
28  .36123751 
30  .37090848 
32  .38415687 
34  ,40186889 
36  .4252746 
38  ,45605482 
40  .49648752 
42  .54959308 
44  .61903527 
46  .70804023 
48  .81524999 
50  ,92433679 
52  ,99392697 
54  ,98251658 
56  .90117879 
58  .79729963 


FREQUENCY  -  400000 

ANGLE  SO* ROOT  T2 

0  . 

44575546 

2  . 

445504.1.1 

4  . 

4446042 

6  . 

44258774 

8  . 

43854122 

10 

♦43071006 

12 

♦41496347 

14 

.37567037 

16 

9 . 9410913E— 02 

18 

.57423437 

20 

♦49033762 

22 

.45981837 

24 

.44093094 

26 

.42797399 

28 

.42019843 

30 

.41826343 

32 

.42357769 

34 

. 43336952 

36 

.4661941 

33 

.51296621 

40 

.58873302 

42 

.7088387 

44 

.87912815 

46 

.99979624 

48 

. 87226826 

50 

.64427637 

52 

.47698099 

54 

. 37026756 

56 

.30125195 

53 

.25502811 

* 


* 


* 


* 


* 


* 


* 


* 


*  *  *  * 

*  *  ■**■**• 


15) 


FREQUENCY  «  500000 

ANGLE  SO. ROOT  T2 
0  .9975715 
2  .99701631 
4  .99530341 
6  .99235562 
8  .99154943 
10  .99454156 
12  .99999471 
14  .94030152 
16  6. 2643351 E--02  * 


18 

.86642261 

20 

.99819855 

22 

.9556492 

24 

.03643918 

26 

.71178303 

28 

.61440708 

30 

.54968327 

32 

.51 5 3 5 0  3 8 

34 

.51080818 

36 

.54167181 

38 

. 62599924 

40 

.80105178 

42 

.99890843 

44 

.75957952 

46 

.45576396 

40 

. 296223 

50 

.21062089 

52 

.16009318 

54 

.12793822 

56 

. 10637034 

53 

.09137821 

* 


* 


* 


* 

Sc 

\V 

# 

St 


>!< 


* 


* 


St 


St 


St 


s: 


SC 


s< 


*■*'•****  * 


F FREQUENCY  --  600000 

ANGLE  SO. ROOT  T2 
0  ♦ 30500073 
2  .30179229 
4  .29326010 
6  .28213715 
8  .2718099 
10  .26530554 
12  .26626798 
14  .28324073 
16  3.8622229E'~0?>;< 

18  .30400601 
20  .36175208 
22  .46167116 
24  .63904649 
26  .90453746 
28  .97731108 
30  .78256852 
32  .6412908 
34  .59504245 
36  .64279457 
30  .03487877 
40  .95840298 
42  .50310603 
44  .26612626 
46  .16407183 
40  .11207212  * 

50  8 » 2105742E-02  >!< 

52  6 . 3 3 5 0 0 9 3 fc" — 0 2  * 

54  5.0914 3 0  9 E  ••••  0  2  * 

56  4.2331909E--02* 

53  3 . 6242261 E-  02* 


FREQUENCY  «  700000 

ANGLE  SQ.ROUT  T2 

0  .14614023  x 

2  .14390759  * 

4  . 1 3834244  X 

&  .1310977  * 

8  .12417377  * 

10  .11002437  X 

12  .11532526  * 

14  ,11 14234  * 

16  3. 608402.1. E-02X 

IB  . 17296716  * 

20  .10446955  * 


22  . 22275625 
24  .29682343 
26  .4401302 
28  .77005966 
30  .90714771 
32  .76241145 
34  .67304193 
36  .79491955 
30  .95902435 
40  .41070602 

42  .19101633  * 

44  .10056379  X 

46  6. 95 4 569 9E- 02  X 
40  .04019727  X 
50  3 . 5 3 6 4 7 9  3 E - 0  2  X 
52  .02713297  X 
54  2 . 1 5 9  6 8 0  6 E  -  0  2  X 
56  1 .7743446E-  02X 
50  , 01499370  X 


FREQUENCY  BO 00 00 

AN OLE  SO. ROOT  T2 


0 

. 09482626 

* 

9 

9 . 2 6 9 5 3 6 9 E  -  0  2 

* 

4 

0. 73601 46E-02 

* 

6 

8. 1001516E-02 

* 

3 

7  *  5340103E-02 

* 

10 

7 . 10251 14E--02 

# 

12 

6  *  7548982E--02 

* 

14 

6. 1327748E-02 

16 

5.2167358E--04* 

18 

.12910011 

20 

♦12714057 

.14878961 

24 

.19321683 

26 

.20436323 

23 

.50303717 

30 

.93537299 

32 

.34255748 

34 

.75271136 

36 

.99470917 

33 

.44371131 

40 

. 16920712 

42 

.00498257 

* 

44  4 . 9745958E-02* 
46  3.202A262E-02* 
43  2. 203998 IE-02* 
SO  1 . 5 9 5 9 2  i.  2 1 0 2 * 

52  1 ♦ 2043273E-02* 
54  9 . 4  132979E-03* 
56  « 00753951  * 

53  6.293B972E-03* 


1  5r> 


RUN 

FREQUENCY  «  1000000 

ANGLE  SO. ROOT  T2 


0  .032  * 

2  . 004  5ft 

4  .044  5ft 

3  .039  5|< 

8  .037  5ft 

1 0  . 035  5ft 

12  .034  5ft 

14  .027  5f< 

13  .012  5fc 

18  ,119  * 

20  .097  5}t 

22  ,107  * 

24  ,133  5ft 

23  .188  * 

28  .331  5ft 

30  ,795  # 

32  .895  * 

34  .992  * 

36  .312  5ft 

38  .094  5ft 

40  .04  5ft 

42  ,021  5ft 

44  .012  5ft 

43  .007  5ft 

48  .004  5ft 

50  .003  5ft 

52  .002  5ft 

54  ,001  5(t 

53  .001  5ft 

58  .001  5ft 
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APPEND J  X  C 


Appendix  C  contains  the  computer  print-out  for  the  acoustic  trans¬ 
mission  as  a  function  of  angle  for  a  liquid  crystal  cell  using  glass  0.146  mm 
thick  and  a  liquid  crystal  layer  0.08  mm  thick.  The  frequencies  used  vary 
from  1  MHz  to  8  MHz. 
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FREQUENCY  ~  1000000 

ANGLE  SO. ROOT  T2 
0  .69  7 
2  .697 
4  .697 
6  .697 
8  .697 
10  .697 
12  .697 

14  .694 
16  .724 

15  . 705 
20  .700 
22  .706 
24  .70S 
26  .711 
20  .714 
30  .718 
32  .722 
34  .728 
36  .734 
38  .742 
40  .70 
42  .759 
44  .77 
46  .781 
48  .793 
50  .807 
52  .821 
54  .035 
56  .051 
58  .866 
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FREQUENCY  ~  4000000 

ANGLE  SCK  ROOT  T2 


0  . 

066 

He 

2  , 

066 
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4  . 

066 

>!< 

6  ♦ 

066 
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* 
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* 
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He 
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16 

.101 
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.083 

He 
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24 
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He 

26 

.113 

He 

28 

.133 

He 

30 

.164 

32 

,21 

34 

.  286 

36 

.415 

39 

.  629 

40 

.09 

42 

.  998 
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.991 

46 

,999 

48 

.959 
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,764 
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.54 

54 

.388 
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58 
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FREQUENCY  ~  5000000 

ANGLE  SO. ROOT  T2 


o  .041 

2  ♦  041 
4  .04 
6  .04 
8  .04 
10  .039 


12 

,038 

14 

.036 

16 

.077 
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,05 

20 

.031 

22 

« 053 

24 

,061 

26 

.072 

20 

.007 

30 

.111 

32 

.132 

34 

,227 

36 

.381 

30 

,694 

40 

.979 

42 

,999 

44 

.924 

46 

.  567 

48 

.311 

50 

.191 

52 

.131 

54 

.098 

56 

.078 

58 

.066 
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FREQUENCY  » 

7000000 

ANGLE  SO. 

ROOT  12 

0  .033 

* 

2  .033 

* 

4  .032 

* 

6  .031 

* 

8  .03 

* 

10  .029 

* 

12  .027 

* 

14  .023 

* 

16  .116 

18  ,041 

* 

20  .04 

* 

22  .043 

* 

24  .048 

>!< 

26  . OSS 

* 

28  .074 

* 

30  .104 

32  . 1 66 

34  .329 

36  ,812 

30  .994 

40  .781 

42  ,2t-»a 

44  .108 

46  .038 

>!< 

48  .036 

* 

50  .024 

>!< 

52  .018 

* 

54  .013 

* 

56  .011 

* 

58  .009 

Figure  1  gives  the  coordinate  system  for  the  liquid  crystal  cell.  The  origin 
is  at  the  first  glass-liquid  crystal  interface  for  the  initial  matrix  cal¬ 
culation  and  is  moved  for  the  final  matrix  calculation  to  the  lower  glass- 
fluid  B  interface. 


Figure  2  is  a  graph  of  the  ratio  of  voltages  from  the  hydrophone  with  and 
without  a  single  sheet  of  1.6  mm  thick  glass  as  a  function  of  angle. 
Therefore,  this  graph  shows  the  acoustic  transmission  of  the  glass  as  a 
function  of  angle.  The  crosses  are  experimental  points.  The  solid  line 
is  from  Equation  67  for  |d|.  Since  each  factor  in  the  equation  is  measured 
there  arc  no  adjustable  parameters  used  to  induce  the  fit.  Therefore,  the 
graph  represents  a  severe  testing  of  the  theory.  For  this  graph  the  thicker 
glass  cell  is  used  and  a  frequency  of  0.868  MHz.  No  correction  is  made  for 
the  finite  acceptance  angle  of  the  hydrophone. 
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Figure  4  is  a  graph  of  the  ratio  of  voltages  from  the  hydrophone  with  and 
without  a  single,  sheet  of  0.146  nun  thick  glass  as  a  function  of  angle. 

The  frequency  is  0.857  MHz. 


Figure  5  is  a  graph  of  acoustic  transmission  through  a  liquid  crystal  cell 
made  of  the  1.6  mm  thick  glass  as  a  function  of  incident  acoustic  angle. 

The  acoustic  transmission  is  measured  as  the  ratio  of  voltage  from  the 
hydrophone  with  and  without  the  presence  of  the  liquid  crystal  cell.  The 
solid  line  is  the  theoretical  value  of  |l)[  from  Kquation  67.  The  crosses 
are  the  measured  values  of  acoustic  transmission.  The  filled  circles  arc 
measured  values  of  transmitted  light  intensity  via  the  acousto-optic  effect 
using  arbitrary  linear  units.  It  should  he  noted  that  the  maximum  light 
intensity  occurs  at  the  incident  angle  for  maximum  acoustic  transmission. 
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Figure  7  is  similar  to  Figure  5  only  the  liquid  crystal  cell  is  constructed 
of  thinner  glass,  0.0146  mm  thick.  The  filled  circles  represent  measured 
values  of  transmitted  light  intensity  via  the  acousto-optic  effect. 


Figure  8  is  a  series  of  pictures  of  the  liquid  crystal  while  excited  by  an 
ultrasonic  wave.  The  spacing  between  the  resulting  vertical  lines  is  seen 
to  decrease  with  increasing  acoustic  angle.  The  angle  of  incidence  for  each 
picture  is: 

A.  zero  degrees 

B.  four  degrees 

C.  twelve  and  one  half  degrees 

D.  fifteen  degrees 

E.  negative  seventeen  degrees  (from  the  right  rather  than  left) 

F.  thirty  three  degrees 
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Figaro  9  is  a  graph  of  the  distance  between  the  lines  such  as  those  shown 
in  Figure  8  as  a  function  of  incident  angle.  The  solid  line,  is  the  fit  from 
Equation  09. 
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Figure  10  is  ,-i  graph  of  the  phase  .ing.le  of  one  liquid  crystal  glass  surface 
with  respect  to  the  other  versus  incident  vzave  angle  for  a  liquid  crystal 
cell  constructed  of  1.6  iron  thick  glass.  Equation  70  is  used  for  these 
values. 
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Figaro  12  is  a  graph  of  acoustic-  transmission  from  Ecjaat  ion  f>7  as  a  function 
of  liquid  crystal  layer  thickness  for  a  coll  of  1.5  mm  thick  glass.  A 
frequency  of  1  MHz  and  incident  angle  of  zero  degrees  is  used. 
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Figure  13  is  the  acoustic  transmission  for  a  cell  made  with  D.OlAh  mm  thick 
g 1 a s s  versus  frequency. 
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